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This research investigates whether measurements o f bulk electronic and magnetic 
properties can be used to reveal the micro structure and phase stability o f alloys. The ability 
to characterize alloy properties and phase stability through correlation with electronic 
measurements may allow significant improvements in the non-destructive evaluation of 
advanced alloy properties and the prediction o f service life. There is a sound fundamental 
basis to expect that the electronic state o f an alloy can be correlated to metallurgical 
properties. The metallurgical stability o f intermetallic phases as well as some o f the 
mechanical properties in certain alloys have been successfully predicted by correlating to 
electron concentration. In addition, bulk electronic and magnetic properties are also a 
result o f  the electron state. Therefore, measurements o f these properties should correlate 
to the micro structure and phases present in metal alloys. Because the aluminum-copper 
alloy phase and micro structure has been thoroughly studied and documented, it was 
selected as a model system and an alloy o f aluminum with 4 wt. pet. copper was used. The 
magnetic susceptibility was selected as the measured property, based on its known 
relationship to the electron concentration and the electronic nature o f a metal. The 
magnetic susceptibility measurement exhibited three regions that correspond to the 
aluminum-copper alloy micro structure. The regions identified include: 1) metastable GP1 
phase refinement, 2) formation o f metastable GP2 and 9' phases, and 3) 0' phase refinement 
and 0 phase formation. Based on these findings, it appears possible to non-destructively 
determine the microstructure and phase stability o f an alloy by making electronic and 
magnetic measurements.
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1.1 Objectives O f Research
The objective o f this research is to determine whether bulk electronic and magnetic 
properties can be used to evaluate the micro structure and phase stability o f an alloy. The 
ability to characterize alloy properties and phase stability through correlation with 
electronic measurements may allow significant improvements in the non-destructive 
evaluation o f advanced alloy properties and the prediction o f service life. For example, 
the aluminum industry would benefit from improved methods o f phase determination to 
assure desired microstructure and resulting strength exists within the alloy [1].
The metallurgical stability o f intermetallic phases as well as some o f the mechanical 
properties in certain alloys have been successfully predicted by correlating to electron 
concentration. Hume-Rothery [2] has identified that intermetallic phases occur at specific 
electron to atom ratios and has called these phases electron compounds. Brewer [3-5] has 
established a relationship between electron concentration and the compositional range for 
a specific crystal structure or phase. Cho [6] connected many mechanical properties, 
including bulk modules, shear modulus, and Young's modules to the electron 
concentration and thus the Fermi energy.
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There is a sound fundamental basis to expect that the electronic state o f an alloy 
can be correlated to metallurgical properties [7-10], For example, in a simple free electron 
gas theory, the isothermal bulk modules, B, can be expressed as:
B = fE Fne (1)
where E F is the Fermi energy and ne is the carrier density, which for conductivity by 
electrons is equivalent to electron concentration. The Fermi Energy at 0 K, 0 K), is 
also related to the electronic concentration by the following relationship.
V
£ f (0 K ) = (h 2/2m)(3 n 2ne )2/3 (2)
where 2 n h  = /?, h is the Planck’s constant, and m is the effective mass o f the electron. 
These relationships imply that a change in the Fermi energy or electron concentration 
could effectively influence the mechanical properties o f metals.
The concept o f  using calculated electron concentrations to predict, from known 
alloy composition, the susceptibility o f an alloy to form topological close packed 
intermetallic phases has been developed and is named Phacomp. Phacomp involves a 
calculation o f an electron number which is compared with a criteria value. Whether the 
electron number is greater or smaller than this criteria value allows prediction o f phase 
stability. The Phacomp calculation method and the more recent improved New Phacomp 
method have been successfully used to evaluate the susceptibility o f forming sigma phases
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in superalloys. These analytical techniques do suggest that the electronic state is 
important to the phase state o f the alloy.
If the mechanical properties are fundamentally a function o f electron 
concentration, and there has been success correlating calculated electronic states to 
mechanical properties and alloy phases, could the electron concentration be measured with 
advanced bulk electronic or magnetic methods? Can these measurements provide insight 
into the condition o f the alloy, and its structural properties? In an attempt to
V
non-destructively determine the properties o f materials, electronic and magnetic 
measurements have been conducted on several alloy systems. The correlation between 
magnetic susceptibility and the precipitation o f solute in heat-treatable aluminum alloys has 
been investigated [11]. Magnetic phase analysis has been used for alloys with no more 
than two phases, which have known and widely differing susceptibilities. One application 
is the measurement o f the amounts o f the body-centered cubic and face-centered cubic 
phases in iron-rich binary alloys at high temperatures [12]. Hall coefficient and electrical 
resistance measurements have been performed on alloys (Bismuth alloys, Fe-Co, Pd-Fe, 
Pb-Ni, Pd-Co) to investigate the dependence on structural modifications, composition, and 
temperature. [13-21], Magnetic Barkhausen Noise signals have been used to characterize 
the microstructures in aged 17-4-PH stainless steel, and tempered 2.25Cr-lM o bainitic 
steel [22, 23].
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1.2 Scope O f Research
To evaluate the use o f electronic and/or magnetic measurements requires the 
selection o f an alloy system which has been thoroughly studied as to its phase stability.
The binary aluminum-copper system, with its well investigated phase transitions during 
annealing, which include GP1, GP 2, 0', and 0 phases, makes a model system for this 
investigation. The phase transitions go from pre-precipitation conditions with coherent 
interfaces to non-coherent precipitates. Samples of Aluminum - 4 wt. pet. Copper with
V
varying micro structure were prepared through a series o f designed thermal treatments, and 
fully characterized. Two practiced electronic and magnetic measurements, magnetic 
susceptibility and Hall coefficient, were examined to determine the physical nature o f these 
measurements, their dependence on electron concentration, and a relationship to phase 
stability. Because o f its known relationship to the electron concentration and the 
electronic nature o f a metal, the magnetic susceptibility was selected as the measured 
property. Magnetic susceptibility measurements were made on the prepared samples, and 
results were compared with micro structural information. The magnetic susceptibility was 
found to correlate with various phase conditions. Based on the correlation, the magnetic 
susceptibility can assist with nondestructively measuring alloy phase stability or the service 
life o f a precipitation strengthened alloy.
T-4028 5
1.3 Thesis Organization
Chapter 2 presents the literature review conducted for this thesis. The relevant 
electronic physics describing the behavior of metals is developed so that the relationship 
between electron concentration and material properties is understood. To discern both 
magnetic susceptibility and Hall coefficient and the information each represents, a 
summary on the magnetism and Hall effect is presented. The details o f the Al-Cu alloy 
system are also discussed.
V
Chapter 3 presents the experimental procedures used in preparing samples, 
measuring the magnetic susceptibility, and characterizing sample microstructure.
Chapter 4 examines the correlation between magnetic susceptibility and alloy properties. 
Conclusions drawn from the investigation are presented in Chapter 5. The cited 




2.1 Physics O f Metals
In the simplest view, atoms in metallic crystals are ionized and a metal is an 
assemblage o f positive ions in a periodic lattice, immersed in a cloud of electrons.
Metallic crystals are held together by the electrostatic attraction between the negative 
electrons and the positively charged ions. The electronic potential in the interior o f the 
metal varies periodically as a result o f the presence o f the positive ions arranged on a 
space lattice. The motion o f a conduction electron in this periodic potential is described 
by a system o f waves. The use o f wave mechanics to characterize the velocities that a 
wavelike electron can have as it moves around in a metal with a periodic potential has 
been classified as the band theory o f  solids. However, many of the important relationships 
can be derived by ignoring the periodic potential, and considering what is called the free  
electron theory.
The wavelength that describes the motion o f the electron depends on the velocity 
o f  the electron according to the relation:
X -  2nh/m v  (3)
where 2% h = h, h is the Planck's constant, m is the effective mass o f the electron, and v is 
its velocity.
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A much used quantity in electron theories is the wave number k , which is the 
inverse wavelength multiplied by 2%. Thus,
k = 2n/'k = mv/tl (4)
which shows that the wave number o f a free electron is proportional to its momentum mv. 
Since the kinetic energy o f a free electron, E k, with wave number k  is
it can be expressed as
Ek = (h 22m)1c (6)
in which form it is clear that the kinetic energy is proportional to Jc. In the free electron 
theory o f  solids, the relation between kinetic energy and wave number is parabolic, and the 
curve is symmetrical about k  = 0 because electrons moving in opposite directions with the 
same velocity would have the same energy.
It is convenient to indicate both the magnitude and the direction o f the momentum 
o f an electron in a crystal by plotting a vector in k space. As suggested by equation 3, the 
k space is actually a reciprocal lattice space with symmetries determined by the symmetry 
o f the unit cell in real space.
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2.1.1 Fermi Surfaces
At 0 K, all electrons reside in the lowest possible energy states. By the Pauli 
exclusion principle, only two electrons can occupy any state, one with spin "up" and one 
with spin "down." As a consequence o f this principle, at absolute zero the electrons fill all 
the states up to a certain maximum energy level and none have energies above this state. 
The level which divides the filled and vacant levels is known as the Fermi level at absolute 
zero and is denoted by E f 0). At higher temperatures some electrons are excited to higher 
energy levels. The energy level at which the probability o f occupation by an electron is Vz 
is defined as the Fermi level EF [24].
In the free electron theory, the Fermi level, expressed as an energy [25], is given
by:
E F = (h 2/2m)(3 7Z2n f 3 (7)
It is clear from this equation that the maximum energy o f the electrons is a function o f ne, 
the number o f electrons per unit volume or electron concentration, and not o f  the size or 
shape o f the whole crystal. While this observation is made by considering the free electron 
case, it suggests a relation that should hold similar for electrons in a periodic potential 
In k space, the k vectors o f electrons that have energies at the Fermi level 
terminate upon a surface, the Fermi surface. At absolute zero this surface separates the 
occupied from the "empty" quantum states. At higher temperatures, even though there is
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a slight spread o f vacant and occupied states near the Fermi surface still essentially 
provides all the electron states that can play any significant part in the properties o f metals.
2.1.2 Brillouin Zones
The interaction o f electrons with the periodic lattice o f the solid will cause Bragg 
reflection to occur for electron waves in crystals. The Bragg reflection leads to an energy 
gap in the distribution o f the conducting electron states.
Any electron will be. reflected from a set of atomic planes in a crystal if Bragg's
V
law, nX = 2d  sin 0, is satisfied. For an electron moving exactly along the x axis o f a 
crystal, reflection from (100) planes, o f spacing a , will occur when nX = 2a, since 0 = 90°. 
Since the wavelength o f the electron is A, = 2n/k, the reflecting condition can be written 
2 m  = 2ak cos(90 - 0), which in vector notation can be rewritten as k*x = kx = m /a .
In general for the three dimensional k space, any planes will reflect when kd, the 
component normal to them, is given by:
kd = rur/d. (8)
where d  is the spacing o f the planes, and n  is an integer that describes order o f reflection. 
The energy gaps occur when the k vector ends on one o f the planes normal to k and at 
distances n7ddhkl from the origin. The allowed ranges o f the wave vector k are called 
Brillouin zones.
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The wave equation describing the motion o f electrons is known as the Schrodinger 
equation. Many periodic functions can be used to model the potential field that the lattice 
ions exert on the conducting electrons. For whatever potential function used to describe 
the ionic atoms arrangement, the solutions o f the Schrodinger equation have the following 
characteristic. For certain ranges o f  energy, there exist traveling-wave-type solutions o f 
the Schrodinger equation. These energy ranges, called bands, are separated by an energy 
gap in which no traveling wave can exist. That is, there may arise a substantial region o f
V
energy m which solutions o f  the wave equation do not exist.
2 .1.3 Density o f States
The interaction o f the Fermi surface with the Brillouin zone boundaries is an 
important phenomenon in understanding the properties solids exhibit. A critical parameter 
in the interaction is the number o f states available to an electron near a given energy, 
which is termed the density o f  states.
If  the Fermi surface lies well within the Brillouin zone, the relationship between the 
energy E  and the density o f states N(E) in the band is parabolic and is given by:
N(E) = m3/2(E  - E o)m / (2 ll2K2h 3) (9)
where E  is the energy at the state o f interest, and E 0 is the energy o f  the lowest states in 
the band.
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Contact between the Fermi surface and the Brillouin zone will correspond to a 
peak in the density o f states as the Fermi surface first overlaps the boundary. The peak in 
the density o f states results because any deviation from sphericity for a given volume 
increases the surface area. Following contact, the density o f states rapidly decreases 
because the total area o f the Fermi surface decreases as the corners o f the zone are filled. 
For the energy states near the top o f a band, the energy is measured down from the top o f 
the band (EmsK) to give an expression for the Density o f  States as:
V
N(E) = m >,2(Emax - E )'12 / (2" W )  (10)
Since k space is a reciprocal lattice spacing, the shape o f the Brillouin zone is determined 
by the crystal planes most widely spaced. Crystal structures with the widest spaced planes 
will have the smallest Brillouin zones. When the density o f states decreases following 
contact between the Fermi surface and the Brillouin zone, it may become favorable for a 
crystal to transform to closer planes, smaller lattice spacing, which would enlarge the 
zones, and make more states available to electrons.
2.1.4 Alloy Phase Stability
To obtain the best properties and performance, the major alloy systems depend 
upon control o f the solid-state phase equilibria. In certain cases, segregation can alter the 
phase equilibria and degrade the alloy, even without the appearance o f a second phase. In 
other circumstances, the material may degrade because o f an undesirable second phase.
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Paradoxically, in other alloy systems, adequate performance is dependent on the type, 
concentration, morphology, and size distribution o f second phase particles. The use o f 
second phase in the form o f precipitates is fundamental to the successful use o f 
superalloys, aluminum alloys, chrolloys and stainless steels. The material composition, 
thermo-mechanical processing sequences and the service life o f the alloy part will 
influence the nature o f precipitation. The second phase formation and growth are a strong 
function o f both time and temperature. Numerous different precipitates are involved in 
many o f these alloys. Each precipitate appears vat a given time and temperature, in a very 
characteristic state o f development, as seen by the carbide precipitation in 2.25Cr-lM o 
steel (Figure 2.1). Each characteristic state o f precipitation produces a specific condition 
o f alloy performance, with definite limits to the alloy's chemical, physical, and mechanical 
behavior. For most o f the commercial alloys, special practices for mechanical working 
and heat treatment help produce the correct state o f precipitation consistent with optimal 
mechanical and corrosion performance [26].
Empirical studies have shown that in many alloy systems the electron concentration 
is the important parameter that influences such factors as the extent o f primary solid 
solubility, the presence or absence o f a particular crystallographic structure, the range and 
stability o f intermediate phases, the formation o f long-period superlattices, trends in lattice 
spacings, the number o f vacant sites in defect structures, the magnetic susceptibility, and 
many others [2]. The stability o f electron phases, like the stability o f the primary solid 
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Figure 2.1: Baker-Nutting Diagram which shows time-temperature dependence o f carbide 
stability for 2.25 Cr- 1 Mo steel a) quenched and tempered b) normalized and 
tempered [27].
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Brillouin zones o f these structures, with emphasis on the influence o f such interactions 
upon the density o f states N(2iF) at the Fermi surface. As the number of conduction 
electrons is varied by the alloying constituents o f a different valence from that o f the solute 
matrix, the relative positions o f the Fermi surface and zone boundaries are altered. It is 
not certain whether or not, on alloying, all the valence electrons o f a solute atom enter into 
the conduction band o f the alloy, since some o f them may fill in d-levels and produce more 
localized and directional electronic interactions in the metal.
It is apparent that there is an intimate connection between the electron 
concentration at which a new phase appears and the electron concentration at which the 
Fermi surface makes contact with the Brillouin zone boundary and a peak in the density of 
states. The general explanation o f the association is that it is expensive energetically to 
add further electrons once the filled states contact the zone boundary. Additional 
electrons can be accommodated only in states above the energy gap characterizing the 
boundary or in the states near the corners o f the first zone. The number o f states near the 
corners falls off markedly as a function o f energy. In this circumstance it is often 
energetically favorable for the crystal structure to change, the final structure being one 
which contains a larger Fermi surface. In this way the sequence a  (1.36 e/a), p (1.48 e/a), 
y (1.54 e/a), s (1.69 e/a) is made plausible, where the numbers in parentheses refer to the 
electron concentration per atom at which contact between the Fermi level and the 
Brillouin zones occurs and the density o f states is maximized.
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2.2 Electronic Measurements
In an attempt to nondestructively determine the properties o f materials, electronic 
and magnetic measurements have been conducted on several alloy systems. The 
correlation between magnetic susceptibility and the precipitation o f solute in heat-treatable 
aluminum alloys has been investigated [11]. The Aluminum-Copper, Aluminum-Zinc, and 
Aluminum-Magnesium alloy systems were studied. For both the Aluminum-Copper and 
Aluminum-Magnesium alloy systems, varying solute compositions were measured in two
v
extreme tempers, completely annealed and as-quenched. Measurements on the 
Aluminum-Zinc alloy were carried out at temperatures high enough to assure complete 
solid solution. This investigation compared the measured magnetic susceptibilities to 
calculated magnetic susceptibilities based on a mixture o f components not alloyed, but 
simply mixed together in their pure states without producing a new phase. The data 
indicate that the difference between the magnetic susceptibility o f a mixture o f pure 
components and an alloy o f  the same bulk composition is equivalent to the Pauli 
paramagnetism o f the aluminum metal associated with the alloy phases. The study 
calculated the number o f aluminum atoms affected by solute such that their Pauli 
paramagnetism was not measured. The calculations supported the existence of 
short-range order in dilute solid solutions. In the quenched solid solutions, the solute 
atoms tend to avoid being nearest neighbors to an extent greater than that which would 
result from a purely random arrangement, supporting the Hume-Rothery prediction of
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short-range order. Calculation for the fully aged samples showed excellent agreement 
with predicted equilibrium phases. For example, in the alumimum-copper alloy, roughly 
two aluminum atoms were associated with each copper atom which corresponds to the 
predicted CuA12 phase.
Magnetic phase analysis has been used for the Iron-Carbon and Iron-Silicon 
systems [12, 28] These alloy systems have ferromagnetic phases with established 
magnetic characteristics. A series o f samples covering the composition range was
v
annealed The spontaneous magnetizations were measured for the annealed samples at a 
several temperatures. The overall sample magnetization is known to be the sum o f the 
magnetization for individual phases times the respective fractions o f these phases in the 
alloy. It is therefore possible to solve for the fraction each phase occupies in the total 
sample. For the Iron-Carbon system, these investigations were able to determine what 
composition o f the alloy was precipitated as cementite (Fe3C) and what fraction contained 
carbon in solid solution as ferrite. Analysis o f  the Iron-Silicon system was able to map the 
phases present across the phase diagram at various temperatures. The study was able to 
chart the change in weight fraction o f a ,  a" , and q phases during annealing.
Hall coefficient measurements have been performed on Palladium-Iron alloys [17], 
The dependence on temperature and concentration were investigated for alloys ranging 
from 0.5 to 99.5 at. pet. iron in the range o f 2-300 K. The alloys provided a continuous 
series o f disordered solid solutions. Alloys with less than 77 at. pet. iron have an 
face-centered cubic structure, and those with iron above 93 at. pet. have body-centered
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cubic structure. The changes in the crystal structure were found to alter the temperature 
dependence and the sign o f the Hall coefficient.
The Hall effect and electrical resistance throughout the entire Iron-Cobalt alloy 
system has been investigated in a temperature range from liquid nitrogen to 800 K [14]. 
The composition dependence o f Hall effect and resistivity was found to be analogous at all 
temperatures. Both values reached peaks at compositions with 10 and 80 at. pet. cobalt. 
The lowest values were found for alloys containing approximately the same amount of
v
both components. These minimum values were apparently due to the formation o f 
superstructure known to form in that compositional range.
Magnetic Barkhausen Noise (MBN) signals have been used to characterize the 
micro structures in aged 17-4-PH stainless steel, and tempered 2.25Cr-lM o bainitic steel 
[22, 23], This method o f analysis tracks a signal generated by sweeping a ferromagnetic 
material through a magnetic hysteresis loop. A plot is obtained in which the X-axis 
denotes the scan between maximum magnetization field strength (80,000 A/m) and 
minimum magnetization field strength (full reversal o f the maximum field), and the Y-axis 
denotes the variation in MBN rms voltage. The MBN signals are generated at the steep 
portion o f the hysteresis loop. The peak height o f the plot is taken as a parameter to 
assess the micro structure. In the aged 17-4-PH stainless steel material, the MBN plot was 
able to track the coherency strains associated with the copper precipitates that provide 
peak hardness, as well as the precipitation o f austenite along the lath boundaries. In the 
tempered 2.25Cr-lM o bainitic steel, the linearity in the plot showed that MBN peak
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height can be used as a nondestructive parameter for assessing the tempering process.
The decrease in hardness with increase in tempering temperature was due to the removal 
o f the internal quenching strains and the precipitation o f carbides which corresponded to 
an increase in MBN peak heights.
This Literature Review presents two practiced electronic measurements, magnetic 
susceptibility and Hall coefficient. The physical nature o f these measurements is examined 
and a relationship to phase stability is developed.
2.2.1 Magnetic Susceptibility
If a substance is placed in a magnetic field it becomes a source o f a measurable 
magnetic field. The magnetic field within the substance will be either greater or smaller 
than the applied magnetic field. The different types o f  magnetic materials are usually 
classified on the basis o f  their permeability or susceptibility. The permeability is defined as
\i = B /H ( i d
and the susceptibility is defined as
% = M / H (12)
where H  is the magnetic field, B  is the magnetic induction, and M  is the
magnetization [29].
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The magnetic induction, B , is the vector sum given by
B = \x0(H + M ) (13)
where p0 is the permeability o f free space = 4tu x 10~7 in SI units.
Sometimes the relative permeability o f  a medium, pr, is used. It is given by
The relative permeability is closely related to the susceptibility and the following equation 
is always true.
Magnetization o f the material, AT, is generally more interesting to the material 
scientist because it relates how a material responds to a magnetic field. Understanding the 
mechanisms behind the response provides information on the physical mechanics o f the 
material. The various different types o f magnetic materials are classified according to their 
bulk magnetic susceptibility, % [30], Table 2.1 lists the observed bulk susceptibility and 
relative permeability o f several metals.
The first group o f materials for which % is small and negative are called 
diamagnetic, and their magnetic response opposes the applied magnetic field. Within a 
diamagnetic substance, a field opposite to the applied field is created, causing the internal 
field to be smaller.
(14)
= X + 1 (15)
T-4028 2 0
T A B L E  2 . 1
S U S C E P T I B I L I T I E S  A N D  P E R M E A B I L I T I E S  O F  V A R I O U S  E L E M E N T S
(lAsc)
P r
Diamagnets Bi -1.21 x 10** 0.99983
Be -1.85 x 10-6 0.99998
Ag -2.02 x 10-6 0.99997
Au -2.74 x 10-6 0.99996
Ge -0.56 x 10-* 0.99999
Cu -0.77 x 10-* 0.99999
Paramagnets P-Sn 0.19 x 10** 1.00000
K 0.47 x 10-* 1.00001
Na 0.68 x 10-* 1.00001
A1 1.65 x 10-* 1.00002
W 6.18 x 10-* 1.00008
Pt 21.04 x 10-* 1.00026
Mn 66.10x10-* 1.00083
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If  the internal field is greater, the substance is creating a magnetic field parallel to 
the applied magnetic field. When the magnetic field acts individually upon atoms, with no 
mutual interaction between them, the effect will exist only when the external magnetic 
field is present, and is termed paramagnetic.
The most widely recognized magnetic materials are termed ferromagnetic. Like 
paramagnetic solids, the magnetic field is strengthened within the substance. In a 
ferromagnetic substance, the magnetic moments o f adjacent atoms orient themselves 
mutually parallel with the aid o f an external magnetic field, and a magnetic order is 
established. As a result, ferromagnetic behavior is much stronger than paramagnetic, and 
permanent magnetism o f the substance can result.
The magnetic properties o f  metals are the result o f the metallic electrons which 
belong to the crystal as a whole, and the localized electrons on each particular ion. For a 
metallic specimen like an Al- 4 wt. pet. Cu alloy, the measured bulk magnetic 
susceptibility will be the sum o f three separate contributions; orbital diamagnetism from 
the ion, diamagnetism, and Pauli paramagnetism from the conducting electrons [31].
2.2.1.1 Orbital Diamagnetism
All electrons below the Fermi level give rise to an orbital diamagnetism. The 
physical origin o f diamagnetism can be seen from the classical picture o f an atom as 
electronic charges circulating around the nucleus in definite orbits. An electric charge in a
ARTHUR LAKES LIBRARY 
COLORADO SCHOOL OF MINES 
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T-4028 22
closed loop motion is known to generate a magnetic moment given by
V„ = >A  (16)
where i is the current and A is the area o f the loop. For an electron in orbital motion
v-m = eA/T  O 7)
where e is the charge on the electron and r is  the orbital period. For a circular orbital area 
A=7tr and r=2^r/v, where v is the instantaneous tangential velocity o f the electron and r is 
the radius o f the orbit. The magnetic moment obtained as a result o f the orbital motion o f 
an electron is then
evr  / i q \P™ = —  (18)
In the absence o f a magnetic field the orbital moments o f paired electrons within an 
atom will cancel. An applied magnetic field FT will accelerate or decelerate the orbital 
motion o f the electron and thereby contribute to a change in the orbital magnetic moment. 
The action o f a magnetic field causes changes in the velocity o f electrons in the atom in 
such a way that the induced moment opposes the field producing it. The susceptibility 
resulting from the magnetic field effect on the orbital electrons is given by
( N„p   ̂ (n„Ze2r 2) 
k \ W J  6m V ’
where Na is Avogadro's number, p is the density, WA is the relative atomic mass, Z is the 
number o f outer electrons with orbit o f  radius and m is the effective mass o f an electron.
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As shown by this equation, it is the electrons with large orbital radius that contribute the 
most to orbital diamagnetism.
2.2.1.2 Conducting Electron Diamagnetism
The magnetic susceptibilities o f  metals are affected by the fact that the outermost 
electrons are at the Fermi level and are partially freed in the solid. Calculation o f the 
susceptibilities o f the metals must therefore take account o f the behavior o f these electrons 
in the Fermi distribution. The free electrons o f a metal make both diamagnetic and 
paramagnetic contributions to the susceptibilities, but since the paramagnetic behavior is 
larger, the net contribution o f the free electrons is paramagnetic.
The external magnetic field effects the motion o f the valence electrons and 
produces a diamagnetic behavior. The field produces a force on the moving electrons, 
causing them to move in spiral paths between collisions, rather than in straight lines. The 
effect is diamagnetic, and in the free electron theory, the magnitude is about 1/3 the 
magnitude o f the Pauli paramagnetism. The quantity cannot be calculated with any 
accuracy in real metals, and cannot be experimentally separated from other contribution to 
the magnetic susceptibility.
One o f the most powerful techniques for studying the electronic structure o f pure 
metals is the de Haas van Alphen effect, which measures the oscillatory energy absorption 
o f a metal as the magnetic field is varied [32], Since the energy o f  the metal is raised by 
application o f a magnetic field, conservation o f  energy requires the energy gain by the 
metal to be absorbed from the magnetic field. The diamagnetism resulting from the
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conducting electrons counteracts the energy increase. As these conducting electrons are 
at the Fermi level, information on the Fermi surface can be obtained. The period of 
oscillatory variation in the magnetic susceptibility is inversely proportional to the 
maximum area o f the Fermi surface. The de Haas van Alphen effect does not depend on 
the magnitude o f only on the frequency and amplitude o f the oscillations with magnetic 
field.
2.2.1.3 Pauli Paramagnetism
The electron possesses a spin defined by the spin quantum number s  which has the 
values ±V2. If  an electron is visualized as a rotating electric charge, it is equivalent to a 
circular current flow so that an electron always possesses a magnetic moment. The 
magnitude o f this atomic magnetic moment, f i  ^  is found experimentally to be
U s p .n  =  ^  ^  ( 2 0 )
In the absence o f a magnetic field, a metal has a complete balance o f electron spins, and 
the spin has no effect upon the energy.
In a magnetic field, H , the occupation o f spin states is altered. An electron parallel 
to the field, 5 = +Vz, has its energy lowered by pspmM.0#  An electron with spin 
anti-parallel, s = -Vz, increases in energy by the same amount. If the electron were isolated 
it would simply align itself parallel with the field. In a Fermi gas however almost all the 
electrons are in states where the opposite spin state is already occupied. The electrons 
near the Fermi level occupy a closely spaced set o f energy levels, and M.spm#  is generally
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larger than the spacing o f the energy levels. Those electrons o f antiparallel spin within 
2pspinp.o/ /  o f the Fermi level can lower their total energy by reversing their spin and 
occupying an unfilled energy level with spins parallel to the field. When the Fermi energy 
o f the parallel spin balances that o f the anti-parallel spin, there is a net imbalance in the 
spins. After the field is applied and the electrons transfer, more electrons exist with spin 
parallel, and they create a net magnetization parallel to the field. The closer the spacing o f 
the energy levels at the Fermi level (higher density o f states) the more electrons will 
reverse their s, and the higher the paramagnetic susceptibility.
The macroscopic magnetization, M, is given as a product o f the number of 
electrons which change their spin direction and twice the spin magnetic moment. This 
factor o f 2 arises because each electron which transfers from one distribution to the other 
contributes twice its magnetic moment to the total magnetic moment o f the system. Thus
M -  (number o f  transferred electrons) x 2\xspm (21)
The total number o f electrons which change their direction is equal to the density o f states 
in one o f the spin distributions times the change in energy,
Transferred electrons = N+(EF)\x.spin\x.0H  (22)
where N +(EF) designates the density o f states in the spin-up distribution at the Fermi level, 
which is one-half the total density o f states. The final expression for the total 
paramagnetic magnetization is
M = N (E F)yilpl„yiaH  (23)
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The magnetization is thus proportional to the external magnetic field, and so the 
susceptibility is proportional to the density o f states times the square o f the spin magnetic 
moment for the electrons.
Based on this expression, the paramagnetic susceptibility o f the free electrons in a 
metal is then temperature-independent. However, an increase in temperature can have 
two effects on the paramagnetic susceptibility. First, electrons at the Fermi level are 
thermally excited to higher energy states so that the application o f a magnetic field allows 
more electrons to reverse their spin since they can now occupy the levels vacated by the 
thermally excited electrons. This effect tends to increase the paramagnetic susceptibility. 
Secondly, the thermal energy tends to disorient those electron that have been aligned by 
the magnetic field and tends to decrease the susceptibility. The two effects approximately 
cancel in the noble and alkali metals so that the Pauli paramagnetism is approximately 
temperature-independent. In most o f the non-magnetic transition metals, one effect 
dominates and the Pauli paramagnetism either increases or decreases slightly with 
temperature.
For most metals including aluminum, the Pauli paramagnetism is larger than both 
diamagnetic effects and the magnetic susceptibility is slightly positive. In metals, the 
magnetism is based on the paramagnetism o f the free electrons which are free to move 
throughout space occupied by the metal. As explained previously, these electrons also 
provide a bonding mechanism for the metal as a whole. Therefore, a correlation between 
magnetism and bonding or phase stability should exist.
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Not all metals are paramagnetic. Although the density o f states at the Fermi level 
is normal, which makes paramagnetic behavior of its valence electron quite normal,
Copper is diamagnetic. Copper comes at the end o f the first long transition period, and it 
has a newly filled 3d  shell. Since the radius o f the d  shell is large, the diamagnetic effect o f 
each o f these 3d  electrons is large. The 3d  state contains 10 electrons, and so the total 
diamagnetic behavior is large. These two factors - large orbit o f 3d  electrons and large 
number o f  3d  electrons - make the diamagnetism o f the closed shells o f Copper larger 
than the paramagnetism o f the free 4s electron. Copper is thus weakly diamagnetic [29],
2.2.2 Hall Effect
When a conductor is placed in a magnetic field perpendicular to the direction o f 
current flow, a voltage is developed across the specimen in the direction perpendicular to 
both the current and the magnetic field. The voltage is called the Hall voltage [33, 34]. It 
is developed because the moving charges making up the current are forced to one side by 
the magnetic field. The charges accumulate on a face o f the specimen until the electric 
field associated with the accumulated charge is large enough to cancel the force exerted by 
the magnetic field.
The Hall potential VH is generally given as:
VH = RoIH/t (24)
where t is the thickness o f the sample, I  the current flowing in the +x-direction, H  the 
magnetic field in the +z-direction, VH the potential measured in the +y-direction, and R 0 a
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constant o f the metal called the Hall coefficient. R 0 is negative when conduction is by 
electrons moving in the -x-direction, and is positive when conduction is by "holes" moving 
the +x-direction. Table 2.2 lists the room temperature Hall coefficient o f some common 
metals.
The interpretation o f the Hall potential is divided into its two component parts, the 
ordinary Hall effect present in all metals and the anomalous Hall effect present only in 
ferromagnetic metals. When considering the ordinary Hall coefficient, the free electron 
theory yields a rather simple temperature-independent result for R 0 [25, 35],
Ro = — Lr r  = (25)n0eN0 Ne
where N 0 is the number o f atoms per cm3, n0 is the number o f current-carrying electrons 
per atom, and e is the charge on the electron. The Hall constant is negative for free 
electrons and the carrier concentration N = n 0N 0 is the electron concentration. 
Measurements o f R 0 for copper, silver, gold, lithium and sodium give values o f n0 
between 0.75 and 1.5 and for A1 a value o f n0 = 3 [35], Measurements o f R0 for copper, 
silver, gold, lithium and sodium give values o f n0 between 0.75 and 1.5 and for A1 a value 
o f  n0 = 3 [35],
As the Hall measurements are primarily influenced by the electron concentration o f 
the metallic matrix, the Hall coefficient should characterize the state o f the metal matrix.
As stated previously by equation 6, the electron concentration determines the Fermi level,
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TABLE 2.2
ROOM TEMPERATURE VALUES OF THE HALL COEFFICIENT
Metal R0
10'u m3/A sec
Current Carriers per Atom 


















Mo + 18.0 +0.5
T-4028 30
which has been shown to influence the properties o f the alloy. Comparing equation 6 with 
equation 11 reveals:
so that the Hall coefficient should be a measurement o f Fermi level and therefore will be 
related to material properties.
2.2.3 Magnetic Phase Analysis
The nucleation and growth processes o f precipitation involve the mass transport o f 
specific elements which are responding to a chemical potential gradient. Formation of 
second phase will alter the composition o f  the matrix material [36] (at least at locations 
adjacent to the precipitates), change the chemical potential o f the various species in the 
matrix, and cause changes in the electron concentration and Fermi energy level. These 
changes in electron concentration and Fermi energy are due to the transport o f electrons 
as required to maintain the electron chemical potential equal between the matrix and 
precipitating phase. A change in the density o f states will result as the Fermi level moves 
closer or further from the Brillouin zones. This change in the density o f states should 
affect the Pauli paramagnetism o f the alloy and therefore the bulk magnetic susceptibility. 
In addition, the change in electron concentration should alter the Hall coefficient o f the 
alloy. Thus, second phase formation results in changes in the electrical and magnetic 
properties which could be monitored in part by magnetic susceptibility and Hall coefficient 
measurements.
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2.3 Aluminum-Copper Alloy System
The first heat-treatable aluminum alloy was based on the Aluminum-Copper 
system, and wrought aluminum alloys having copper as the main alloying element are 
designated as 2XXX alloys using the four-digit numerical system developed by the 
Aluminum Association [36]. Copper is one o f the most important alloying elements for 
aluminum because it provides solid-solution strengthening. Since the copper atom has a 
diameter about 11 pet. less than the aluminum atom, the cubic lattice parameter between 
copper and aluminum is less than that o f  the aluminum matrix. Therefore, the matrix is 
strained tetragonally. These strained sites impede dislocation movement, and cause an 
increase in hardening and a decrease in ductility.
In addition, suitable heat treatments o f  aluminum-copper alloys cause precipitate 
formation that produce increased strength. The maximum solid solubility o f copper in 
aluminum is 5.65 wt. pet. at the eutectic temperature o f 548 C. The solubility o f copper in 
aluminum decreases rapidly with decreasing temperature from 5.65 wt. pet. to less than 
0.1 wt. pet. at room temperature. The change in solid solubility with temperature is a 
primary factor in the heat treatment o f aluminum-copper alloys. The thermal treatments 
are designed to alter the mode o f occurrence or morphology o f the soluble copper alloying 
elements. Mechanical and physical properties depend not only on whether the solute is in 
or out o f solution but also on specific atomic arrangements, as well as on size and 
dispersion o f any precipitated phases. In precipitation-strengthened aluminum-copper
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alloys, five structures can be identified: (1) supersaturated solid solution a , (2) GP1 
zones, (3) GP2 zones (also called 0" phase), (4) 0', and (5) 0 phase, CuA12. Not all o f 
these phases occur from every heat treatment [36],
2.3.1 Solution Heat Treatment
As shown by Figure 2.2, regardless o f the initial structure, holding a 4.0 wt. pet.
Cu alloy at approximately 495 C to 570 C until equilibrium is attained causes the copper to 
go completely into solid solution. Holding an Al-Cu alloy in this range is generally 
known as "solution heat treating" [38], I f  the temperature o f a 4.0 wt. pet. Cu alloy is 
then reduced to below 495 C, the solid solution becomes supersaturated and there is a 
tendency for the excess solute no longer soluble to precipitate. The driving force for 
precipitation increases with the degree o f supersaturation and, consequently, with 
decreasing temperature. But the precipitation rate also depends on the atom mobility, 
which is reduced as temperature decreases.
2.3.2 Quenching
The solid solution formed at a high temperature may be retained in a supersaturated state 
by rapidly cooling to some lower temperature usually near room temperature. The 
objective o f quenching is to avoid precipitation in the intermediate temperature range, 
where high rates o f diffusion and precipitation take place. The most important effect on 
mechanical properties o f the aluminum-copper alloys occurs after this cooling or 
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Figure 2.2. Aluminum-Copper Equilibrium Phase Diagram showing the solid solubility o f 
copper in aluminum is 5.65 wt. pet. at the eutectic temperature o f 548 C
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pronounced effect on corrosion behavior and mechanical properties of the 
precipitation-hardenable aluminum alloys. The effects o f precipitation during the quench 
on properties have been investigated by considering kinetics o f precipitation. A method 
which accurately predicts the type o f corrosion attack or themechanical properties from 
the cooling curve has been developed [39],
The precipitation can be controlled more precisely at the lower temperatures that 
follow the quench. The formation o f precipitates requires diffusion o f copper to enable 
nucleation and growth. Diffusion o f the substitutional copper, as well as aluminum 
self-diffusion, is believed to occur primarily by a vacancy exchange mechanism. An atom 
can diffuse by moving into a vacant lattice position, leaving behind a new vacant lattice 
site. This mechanism o f diffusion is energetically favorable to the diffusion that occurs by 
two atoms changing places. In addition, the substitutional copper atom is close in size to 
the aluminum atom so that interstitial diffusion does not happen. Therefore, the increased 
low-temperature solute mobility required for the high rate o f precipitate formation is 
explained by a nonequilibrium high vacancy concentration at the low temperature. The 
equilibrium concentration o f vacancies in aluminum increases with increasing temperature. 
Quenching not only retains solute copper atoms in solution, but maintains a certain 
minimum number o f vacant lattice sites to promote the low-temperature diffusion required 
for precipitation nucleation and growth
In aluminum-copper alloys, the nucleation o f a new phase is greatly influenced by 
the existence o f discontinuities in the lattice. The precipitate will strain the surrounding
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solid-solution matrix, and there is a driving force to minimize this lattice strain energy. 
Therefore, nucleation is heterogeneous and takes place preferentially at locations of 
greater disorder and higher energy than the solid-solution matrix. As a result, grain 
boundaries are preferred sites for nucleation o f precipitates. Dislocations formed by 
condensation of vacancies or by introduction o f plastic strain are also very active 
nucleation sites for precipitation. Variations in dislocation density resulting from different 
quenching rates and the degree o f vacancy and solute retention achieved during the 
quench are factors in determining the effects o f quenching rates on strengthening. The 
most rapid quenching rates establish conditions for more uniform precipitation throughout 
the alloy. More uniform precipitation provides a maximum number o f strengthening units 
which is the most effective strengthening condition [40],
2.3.3 Aging
Most aluminum alloys exhibit property changes at room temperature after 
quenching. This process o f  change is called "natural aging," and is the result o f precipitate 
strengthening. It may start immediately after quenching, or after an induction period. The 
rates vary from one aluminum alloy to another over a wide range, so that the approach to 
a stable condition may require only a few days or several years. In some alloys, sufficient 
precipitation to yield stable products with properties adequate for many application occurs 
in a few days at room temperature. Historically, magnesium has been added to Al-Cu 
alloys to improve natural aging characteristics [41].
T-4028 36
Atomic and crystallographic structural changes occur in supersaturated solid 
solutions during precipitation. These changes involve a complex sequence of 
time-dependent and temperature-dependent steps. At relatively low temperatures and 
during initial periods o f artificial aging at moderately elevated temperatures, the principal 
change is a redistribution o f copper atoms within the solid-solution lattice to form clusters 
or zones (Guinier-Preston zones). These zones are considerably enriched in solute. This 
local segregation o f solute atoms produces a distortion o f the lattice planes, both within 
the zones and extending for several atom layers in the matrix. With an increase in number 
or density o f zones, the amount o f disturbance to the regularity and periodicity o f the 
lattice increases. This increased irregularity interferes with the motion o f dislocations 
through the lattice. Strengthening occurs by the inability o f dislocations to move through 
the matrix to cause plastic strain.
During natural aging o f Al-Cu alloys, the dissociation o f the supersaturated solid 
solution begins by coherent precipitation o f copper-rich zones only a few atoms thick (40 
to 60 nm). These precipitates are two dimensional discs and are named Guinier-Preston 1 
(GP1) zones. The GP1 zones form clusters on the {100} cubic planes o f  the aluminum 
solid solution matrix and are usually 300-500 nm in diameter. They stress the aluminum 
lattice, and because o f their great number, form a dense network which impedes the 
movement o f dislocations during deformation. The zone size does not change with aging 
time, but the number increases until in the average distance between zones is about
1,000 nm [37],
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The effects o f precipitation on mechanical properties are greatly accelerated and 
accentuated by reheating the quenched material to about 100 to 200°C. As aging 
temperatures or time are increased, the zones are either converted into or replaced by 
particles having a crystal structure distinct from that o f the solid solution and also different 
from the structure o f the equilibrium phase. These particles are referred to as transition 
precipitates. They have a specific crystallographic orientation relationship with the solid 
solution, such that the two phases remain coherent on certain planes by adaptation o f the 
matrix through local elastic strain. Slowing the movement o f dislocations, the lattice 
strains and precipitate particles create a strengthening effect. The operation o f heating 
above room temperature to grow precipitant is called "artificial aging" or precipitation 
heat treating [42].
GP1 zones go back into solution in a short time at 150-200°C. This "reversion" 
leads to a temporary reduction in hardness, and suggests that the arrangement o f the 
strengthening atoms, after artificial aging, is basically different from that after natural 
aging. Artificial aging causes new enrichment o f copper atoms in Guinier-Preston 2 (GP2) 
zones soon after the end o f the reversion. GP2 zones are sometimes referred to as 0".
As in the case o f G P 1 zones, GP2 zones have a tetragonal structure and are 
coherent with the {100} matrix planes. The GP2 zones range in size from 100 to 400 nm 
thick and 1,000 to 10,000 nm in diameter. Although these precipitates are only a few 
atom layers in thickness, they are considered three-dimensional and have an ordered 
atomic arrangement.
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The increase in strength continues indefinitely at room temperature, although the 
rate o f change may be extremely slow after months or years. Aging at elevated 
temperatures is characterized by a different behavior, in which strength and hardness 
increase to a maximum and subsequently decrease. Maximum hardness and strength occur 
when the amount o f GP2 is essentially maximum. The softening effects, observed as more 
complete precipitation occurs during extended isothermal aging at elevated temperatures, 
are referred to as "overaging" [40],
Overaging is characterized by a reduction in the hardness, tensile strength, and 
elongation. Softening results from changes in both type and size o f the precipitated 
particles, and from dilution o f solid solution.
As the artificial aging continues at approximately 150°C, the formation o f a 
metastable phase, 0', takes place 0' forms after the GP2 but coexists with it over a range 
o f time and temperature. 0' has the same composition as the equilibrium phase 0 (CuA12), 
but has a different crystal lattice and exhibits coherency with the solid solution lattice. 0' 
is fully coherent with the matrix along the broad faces, and the {001} planes and <001 > 
directions o f the 0' are parallel to the {001} planes and < 001> direction o f the matrix.
This phase nucleates heterogeneously, especially on dislocations that can act to relieve the 
misfit associated with the precipitate. Deformation prior to aging can accelerate the 
formation o f 0' at the expense o f the GP zones. The size o f the 0' phase depends on the 
time and temperature o f aging, and ranges from 1,000 to 60,000 nm or more in diameter 
with a thickness o f 1,000 to 1,500 nm [38],
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As the amount o f 0' increases, particle growth eventually decreases the coherency 
strains. This loss in coherency, together with the simultaneous decrease in GP2, causes 
overaging. Figure 2.3 shows lattice arrangements that represent the transition from 
coherent to partially coherent to incoherent precipitates.
Aging at temperatures o f about 190°C or above for extensive times will produce 
the equilibrium incoherent 0 phase, CuA12. This phase has a body-centered tetragonal 
structure. 0 can form from 0' or directly from the matrix, and is present when the alloy is 
in a highly overaged condition. This softest, lowest-strength condition o f the heat 
treatable alloys has the maximum amount o f solute precipitated as relatively large 
particles, leaving the solid solution as dilute as possible.
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O Aluminum atoms; •  Foreign atoms (e.g. Cu)
Figure 2 .3: Schematic representation o f (a) a solid solution with a random distribution o f 
foreign atoms; (b) coherent precipitation; (c) a partially coherent intermediate 
phase in a solid solution. The vertical crystal planes are coherent, the 





Selection o f an alloy system with a thoroughly studied phase stability is required to 
evaluate the use o f electronic and/or magnetic measurements. The binary 
aluminum - copper system, with its phase transitions during annealing from GP1 to GP 2 
to 0' to 0 phase, was chosen for this investigation. These phase transitions range from 
pre-precipitates with coherent interfaces to incoherent stable precipitates.
A 2 kilogram ingot o f 99.999 wt. pet. aluminum and 500 grams o f 99.9 wt. pet. 
copper shot, 1 to 10 mm in diameter, were procured from the Johnson Matthey Chemical 
Company. Two 750 milliliter conical crucibles, two crucible covers, and one 750 milliliter 
rectangular back-up tray, all fabricated o f alumina, were procured from Ceramicon 
Designs Ltd.
The aluminum ingot was cut into pieces, and 940.0 grams o f aluminum along with 
37.6 grams copper were charged in a alumina crucible to produce an aluminum alloy with 
4 wt. pet. copper. The crucible was covered with a lid, set in the rectangular tray, and 
placed in the vacuum furnace. The furnace was programmed and the metal was melted 
according to the parameters shown in Appendix A, Figure A - l . Using a band saw, the 
produced ingot was then cut and the pieces mixed and place in the second conical crucible. 
The alloy was remelted in the vacuum furnace in the sequence indicated in Appendix A, 
Figure A-2.
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From the resulting ingot, rectangular prisms were cut with dimensions o f 
approximately 10 mm x 10 mm x 70 mm. Eight o f these prisms were then turned on a 
lathe to produce 5 mm cylinders. The cylinders were cut to 10 mm lengths resulting in 32 
samples being prepared.
3.2 Sample Matrix
To achieve a 0 phase in a reasonable aging time, artificial aging at 200 C was 
selected. Using the 32 samples to cover the range o f micro structures and precipitates 
anticipated, a matrix o f aging times was developed. Samples were prepared according to 
the heat treatment outlined in Table 3 .1.
3.3 Magnetic Susceptibility Measurement
The magnetic susceptibility measurements were performed on a Quantum Design 
Magnetic Property Measurement System (MPMS) at the National Institute o f Standards 
and Technologies (NIST), Boulder, Colorado. The MPMS is a modular integration o f a 
superconducting quantum interference device (SQUID) detection system and a precision 
temperature control unit residing in the bore o f a superconducting magnet. The system is 
controlled by a computer.
The SQUID detection allows measurement o f  the magnetic response o f a material. 
The SQUID consists o f a superconducting ring with a small insulating layer which serves 
as a 'weak link', and is known as a Josephson junction [30], The magnetic flux passing 



















1 520 5 Water 200 2
2 520 5 Water 200 4
3 520 5 Water 200 6
4 520 5 Water 200 8
5 520 5 Water 200 10
6 520 5 Water 200 12
7 520 5 Water 200 14
8 520 5 Water 200 16
9 520 5 Water 200 18
10 520 5 Water 200 20
11 520 5 Water 200 22
12 520 5 Water 200 24
13 520 5 Water 200 28
14 520 5 Water 200 32
15 520 5 Water 200 36
16 520 5 Water 200 40
17 520 5 Water 200 44
18 520 5 Water 200 48
19 520 5 Water 200 56
20 520 5 Water 200 64
21 520 5 Water 200 72
22 520 5 Water 200 84
23 520 5 Water 200 96
24 520 5 Water 200 132
25 520 5 Water 200 168
26 520 5 Water 200 240
27 520 5 Water 200 360
28 520 5 Water 200 720
29 520 5 Water 200 1,080
30 520 5 Water 200 1,440
31 520 5 Water 200 1.800
32 520 5 Water 200 2.160
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enables the flux trapped in the ring to change by discrete amounts. In the MPMS, the 
SQUID is placed in the superconducting magnet which is held at a constant and stable 
field. The material o f interest is raised and lowered through the center o f the SQUID ring. 
In response to the superconducting magnet, the material o f interest is a source o f a 
magnetic field. The magnetic field o f a material will change the supercurrent o f the 
SQUID when the material passes through the SQUID. The device can thereby be used to 
measure very small magnetic responses in materials in the field o f the external 
superconducting magnet.
Measuring each sample was accomplished by following a set sequence. First, a 
sample was mounted to the sample rod. The rod was placed into the clamping fixture o f 
the slide seal assembly. The airlock o f the assembly was purged, a valve was opened, and 
the sample was lowered into the cryogenic sample chamber. Figure 3.1 shows a picture of 
the measuring apparatus.
Once the sample was lowered into the chamber, the sample rod was adjusted so 
that the sample was centered in the SQUID during the 40 mm scan length. The needed 
adjustment was given by running an initial measurement scan and viewing the SQUID 
Response Plot. The peak o f the Response Plot should fall at 20 mm, which was the center 
o f  the scan length. The sample rod was raised or lowered as necessary to center the 
sample.
The computer was programmed to make the magnetic moment measurement. The 
sequence control applied magnetic fields o f 6,000, 7,000, 8,000, 9,000, and 10,000 
Oersteds (Oe) at 300 K. At each discrete field, the sample was raised and lowered
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Figure 3 .1: Picture o f the Quantum Design Magnetic Property Measurement System at 
the National Institute o f Standards and Technologies, Boulder, Colorado.
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through the SQUID three times. The magnetic moment induced in the sample was 
measured in electromagnetic units (emu) and the average for the three scans was reported. 
Dividing the moment by the sample volume produced the magnetization (emu/cc). As 
expressed by equation 11, the magnetic susceptibility for each sample was given by the 
slope o f the best fit line through the magnetization versus field data for each sample. 
Appendix B contains the experimental data, and Table 4.1 presents the experimentally 
determined magnetic susceptibility o f each sample.
3.4 Analytical Techniques
To determine the copper content, each sample was analyzed on a TN Technologies 
Inc. alloy analyzer. Containing radioactive isotopes o f iron and cadmium, the analyzer 
uses x-ray fluorescence to determine alloy composition. Four scans were run on different 
locations o f each sample, and the composition was averaged. Results o f  these 
measurements have been included in Table 4.1. As shown by the results, a random 
variation o f composition was detected (2.9 wt. pet. to 6.0 wt. pet. Cu).
To relate the mechanical properties to the magnetic susceptibility, hardness 
measurements were made according to the American Society for Testing and Materials 
(ASTM) Standard E 18-89a [43, Appendix C]. Because o f the sample size and hardness, 
the Rockwell superficial hardness T scale was used. A minimum o f five measurements 
were made and averaged, and the result for each sample is presented in Table 4.1.
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The microstructure o f  several samples was examined using a transmission electron 
microscope (TEM). Foils for use in the microscope were prepared from the selected 
samples. First four disks, approximately 0.5 mm thick, were cut from the cylindrical 
sample using a diamond blade cutoff wheel. These disks were then thinned by hand on 
320 and 600 grit sand paper to approximately 0.225 mm thick. To match the TEM 
sample holder, 3 mm diameter disks were then punched from the center o f each disk. 
Using 600 grit sand paper, these disks were then thinned to 0.095 to 0.125 mm thick. 
Finally, the foils were electrochemically thinned to approximately 10,000 nm in a 25 pet. 




As discussed in Chapter 3, the magnetic susceptibility, hardness, and copper 
concentration o f each sample was measured. Table 4.1 reports all the properties gathered 
for each sample, and the corresponding sample number and artificial aging time at 473 K.
To investigate the correlation between magnetic susceptibility, artificial aging time 
and the resulting phase formation, graphic analysis was completed with the values in 
Table 4.1. Figure 4.1 presents the magnetic susceptibility as a function o f log(aging time 
in hours). Scatter o f the data is present, but generally, the magnetic susceptibility was 
found to increase with time.
The increase in magnetic susceptibility with aging time for the aluminum-copper 
system agrees with the predictions presented in the literature which states the copper 
atoms will mask the Pauli paramagnetism o f the aluminum atoms associated with each 
copper atom [11]. The increase in magnetic susceptibility with aging time reflects an 
increase in the weight fraction o f free aluminum, aluminum not associated with copper, 
which occurs as the solid solution decomposes to form phases. Every atom o f dissolved 
copper which forms a new phase appears to lose magnetic influence over its solid solution 
nearest-neighbor aluminum atoms, and gain influence over those aluminum atoms 
associated with the phase. In the short range order o f the solid solution, the copper atom 
will associate with twelve aluminum atoms. The number twelve is the number o f nearest 
neighbors a copper atom would have when substituted into the face-centered cubic
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T A B L E  4 . 1
S U M M A R Y  O F  M E A S U R E D  P R O P E R T I E S
Sample
Number
Art. Aging Time 
(hrs @ 473 K) Aging^ime
log(hours)
Mag. Susceptibility 





1 2 0.301 1.051 47.2 4.15
2 4 0.602 1.026 47.9 4.88
3 6 0.778 1.041 49.2 4.96
4 8 0.903 1.042 51.8 4.30
5 10 1.000 1.038 53.7 4.51
6 12 1.079 1.074 53.5 4.35
7 14 1.146 1.079 54.8 4.43
8 16 1.204 1.138 58.2 3.71
9 18 1.255 1.158 57.6 3.34
10 20 1.301 1.162 57.6 3.32
11 22 1.342 1.128 58.8 4.07
12 24 1.380 1.140 59.3 4.05
13 28 1.447 1.177 63.2 2.87
14 32 1.505 1.141 60.2 3.28
15 36 1.556 1.156 62.8 3.42
16 40 1.602 1.150 65.4 5.19
17 44 1.644 1.173 64.1 3.38
18 48 1.581 1.115 57.6 5.96
19 56 1.748 1.193 59.6 4.01
20 64 1.806 1.226 61.7 4.07
21 72 1.857 1.203 60.2 4.41
22 84 1.924 1.231 63.3 4.22
23 96 1.982 1.263 59.6 3.50
24 132 2.121 1.260 58.6 2.89
25 168 2.225 1.206 58.5 4.92
26 241 2.382 1.172 54.8 5.51
27 480 2.681 1.245 59.3 4.39
28 744 2.872 1.277 56.1 3.72
29 1,080 3.033 1.242 53.8 3.53
30 1,536 3.186 1.261 52.6 4.36
31 1.824 3.261 1.224 51.2 4.62
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lattice o f aluminum. In the 0 phase (CuA12) that occurs after extended artificial aging, 
copper atoms will associate with only two aluminum atoms. This transition, which occurs 
with aging, allows ten addition aluminum atoms to contribute fully to the magnetic 
response o f the bulk alloy, resulting in the increase in magnetic susceptibility with aging 
time.
The scatter o f  Figure 4.1 is attributed to varying composition. This fact was 
discovered by subdividing the data to look at smaller deviations in copper concentration. 
Figure 4.2 presents the magnetic susceptibility as a function o f log(aging time in hours) for 
the samples with copper concentrations between 4.0 wt. pet. and 4.4 wt. pet.. Three 
regions are observed in Figure 4.2. Figures 4.3 to 4.5 display the same information for 
samples with copper concentrations between 4.4 to 4.8 wt. pet., 4.8 to 5.2 wt. pet., and 
3.8 to 4.2 wt. pet. respectively. Although data are not available at enough aging times to 
produce a full curve for each copper concentration range, each figure shows data in 
agreement with Figure 4.2, that three regions exist. For discussion in this thesis, the 
regions have been numbered sequentially 1, 2, and 3, starting with the region containing 
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To describe the relationship o f each region, a linear regression was performed on 
each o f the three regions o f Figure 4 .1. With copper concentration and log(aging time in 
hours) as the independent variables and magnetic susceptibility as the dependent variable, 
the following equations were ascertained. In Figure 4.6, the predicted values from 
equations 26, 27, and 28 have been overlaid on the actual measured values.
Region 1: % = -5 97E-9*(log (t))-1.72E-6*(wt. pct.Cu)+l. 12E-6 (27)
Region 2: % = 1.63E-7*(log (t))-2.93E-6*(wt. pct.Cu)+1.03E-6 (28)
Region 3: % = 2.04E-8*(log (t))-3.43E-6*(wt. pet. Cu)+1.32E-6 (30)
As the a  phase o f the aluminum copper system only extends to 5 .65 wt. pet. 
copper, samples with more copper will not produce a complete solid solution. Regardless 
o f solutionizing and quenching practices, some copper will remain in precipitates. 
Therefore, equations 26, 27, and 28 are limited to alloys with up to 5.65 wt. pet. copper. 
Because its copper content exceeds the solutionizing maximum, sample 18 was excluded 
from the regression analysis that produced equations 26, 27, and 28. Regression analysis 
is included in Appendix B.
Comparison between Figures 4.2 to 4.5 reveals that with increasing copper 
concentration, the initiation o f Region 2 is delayed and the slope o f Region 2 decreases. 
This observation is supported by the equations for Regions 1, 2, and 3. As shown by the 
negative constant in front o f the (wt. pet. Cu) in each o f the three regions, an increase in 
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increased copper concentration means there are more copper atoms present to influence 
the aluminum atoms. These additional copper atoms will mask the Pauli paramagnetism o f 
additional aluminum atoms, which accounts for the lower magnetic susceptibility with 
increasing copper concentration.
For 4.0 wt. pet. copper, the boundary between Regions 1 and 2 occurs at t = 7.1 
hours, and the boundary between Regions 2 and 3 occurs at t = 88 hours (3.7 days).
Figure 4.7 shows the magnetic susceptibility data again. With the copper concentration 
set equal to 4.0 wt. pet., the best fit line for each region is plotted through the data points. 
In general, data points above the best fit lines have copper concentration below 4.0 wt. 
pet., while those below the lines have copper concentration above 4.0 wt. pet.
To correlate the three regions found in the magnetic susceptibility as a function of 
aging time data to phase transformation occurring in the alloy, the hardness data were 
investigated and the TEM micro structures were analyzed. Figure 4.8 presents the 
hardness as a function o f aging time curve. Once again there is some scatter attributable 
to varying copper concentration. However, the classical relationship was observed: an 
initial flat to slight increase in hardness, followed by a sharp increase in hardness to a peak 
hardness, then overaging and a loss in hardness. Peak hardness was observed at 40 hours 
(1.6 days). Figure 4.8 also displays the boundaries between the three regions, as 
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The initial flat to slight increase in hardness occurs in Region 1 o f the magnetic 
susceptibility data and corresponds to G P 1 zone refinement that occurs at the early stages 
o f artificial aging. As indicated by a negative coefficient o f log(time) in equation 26, the 
magnetic susceptibility for Region 1 was found to decrease with aging time. This decrease 
is the result o f GP1 zone reversion prior to GP2 formation. The samples had naturally 
aged at room temperature for several days prior to the artificial aging resulting in GP 1 
zone formation. However, the GP1 phase is not stable at artificial aging temperatures, and 
GP1 zones go back into solution in a short time during artificial aging. As each copper 
atom dissolves into solution from the ordered atomic arrangement o f GP 1 zones, it will 
associate with additional aluminum atoms. The influence o f the copper atom as it 
associates with additional aluminum atoms accounts for the decrease in magnetic 
susceptibility found in Region 1.
The TEM Micrographs shown in Figures 4.9 and 4.10 depict the microstructures 
o f samples 1 and 4. These samples correspond to Region 1 and depict the GP1 zone 
refinement as aging proceeds with increasing sample number. Narrow disc shaped 
precipitates are observed in view (a) o f both figures. These discs are oriented both in the 
plane o f the micrograph and perpendicular to the plane such that the edges are evident. In 
view (b) o f each figure, lattice strain is apparent along the edge o f the precipitates, 
indicating coherency between the precipitate and matrix is intact. The precipitants
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Figure 4 9: TEM micrographs o f Sample 1 which was solutionized, quenched, and
artificially aged at 473 K for 2 hours, a) Disc shaped precipitants observed in 
plane o f micrograph. Edges of disc perpendicular to plane of micrograph 
show as lines b and c) Strain field associated with the precipitates, indicative 
o f coherency being maintained
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Figure 4.10: TEM micrographs o f Sample 4 which was solutionized, quenched, and 
artificially aged at 473 K for 8 hours, a and b) Disc shaped precipitants 
observed in plane o f micrograph. Edges o f disc perpendicular to plane of 
micrograph show as lines, c) Strain field associated with the precipitates, 
indicative o f coherency being maintained
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decrease in size and number between samples 1 and 4, which corresponds to GP 1 zone 
refinement, copper returning to solution, and a decrease in magnetic susceptibility with 
increased aging time.
4.2 Region 2
The magnetic susceptibility increases with aging time throughout Region 2. This 
increase corresponds to copper leaving the solid solution to form new phases. The 
diamagnetic behavior o f copper atoms screens the paramagnetic behavior o f the aluminum 
atoms which bond with copper. The copper atoms associate with fewer aluminum atoms 
in the phases that grow out o f solid solution, and additional aluminum atoms contribute 
their full paramagnetic response to the bulk alloy measurement.
As seen in Figure 4.8, the hardness was found to sharply increase in Region 2, 
which is attributable to GP2 formation. The GP2 precipitates produce the increased 
strength o f a heat treatable Cu-Al alloy. The maximum hardness occurred in Region 2, 
which indicates GP2 precipitates reached a maximum. The 0' phase is not related to the 
GP1 or GP2 metastable phases, but nucleates heterogeneously. However, 0' phase grows 
at the expense o f GP zones. Hardness decreases once 0' precipitation starts. Region 2 
extends over the range o f time that GP2 and 0' precipitants coexist. As reported in the 
literature, the maximum hardness for a A1 - 4 wt. pet. Cu alloy is reached after artificially 
aging at 473 K for one day [39]. The experimental data found the maximum hardness to 
occur at 1.6 days. Since the maximum hardness was experimentally reached 0.6 days later
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than reported in the literature, the time to precipitate 0' experimentally should also be 
delayed. The literature states that 0' precipitates in a A1 - 4 wt. pet. copper alloy after 
three days o f artificially aging at 473 K. This fact corresponds to the boundary between 
Regions 2 and 3 which occurred at 3 .7 days. The experimentally longer times for 
precipitation to occur over those reported in the literature are a result o f the time required 
for GP1 zone refinement. The time to form precipitates reported in the literature result 
from artificial aging immediately following quenching, and no GP 1 zones are allowed to 
form. As a result, refinement does not take place, Region 1 does not occur, and maximum 
hardness and 0' precipitates are reached earlier. The boundary between Regions 2 and 3 
indicates where GP2 zones no longer exist.
Figures 4.11, 4.12, 4.13, and 4.14 display the TEM Micrographs o f samples 8, 12, 
16, and 22 respectively, which fall within Region 2. The precipitate are observed to grow 
with aging time, most noticeably in length. The density also increases, as the spacing 
between parallel precipitants decreases. This increase in precipitant size and density 
corresponds to copper leaving the solid solution and residing within the precipitants. The 
presence o f strain fields along the long sides o f the precipitates are evidence that 
coherency is being maintained.
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Figure 4.11: TEM micrographs of Sample 8 which was solutionized, quenched, and
artificially aged at 473 K for 16 hours, a) Disc shaped precipitants observed 
in plane of micrograph. Edges o f disc perpendicular to plane o f micrograph 
show as lines, b) Strain field associated with the precipitates, indicative of 
coherency being maintained
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Figure 4 12: TEM micrographs o f Sample 12 which was solutionized, quenched, and
artificially aged at 473 K for 24 hours, a) Disc shaped precipitants observed 
in plane o f micrograph. Edges o f disc perpendicular to plane o f micrograph 





Figure 4.13: TEM micrographs o f Sample 16 which was solutionized, quenched, and
artificially aged at 473 K for 40 hours, a) Disc shaped precipitants observed 
in plane o f micrograph. Edges o f disc perpendicular to plane o f micrograph 
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As shown in Figure 4.8, the hardness decreases through Region 3, as 0’ and finally 
0 form. The literature reports that the 0 phase forms at the expense o f the 0' phase, and is 
present in a highly overaged condition. The condition is reached by artificially aging at 
473 K for approximately 2000 hours (80 days). In Region 3, the increase in magnetic 
susceptibility with aging time is at a lower rate indicating the majority o f copper has left 
the solid solution and resides in phases. The increase observed is attributable to the 
growth o f 0 precipitates. The 0 phase transforms from the 0' phase and coarsening occurs 
as smaller precipitates grow together. Additional aluminum atoms are able to contribute 
to the bulk magnetic response o f the alloy with the transformation, but not at the rate 
observed when copper came out o f solid solution where it associated with twelve 
aluminum atoms. As the precipitates coarsen, their surface area will decrease, which 
reduces the number o f matrix aluminum atoms influenced by the copper. The loss in 
coherency found between the 0 phase and the matrix will also free additional aluminum 
atoms to contribute completely to the paramagnetic behavior o f the bulk alloy.
Figures 4.15 and 4.16 contain TEM Micrographs o f samples 27 and 32 found in 
Region 3. An increase in precipitate size and thus the depletion o f copper from the matrix 
is evident with increasing aging time through Region 3. This coarsening o f precipitates 
corresponds to an increase in magnetic susceptibility with time, as a two phase equilibrium 
alloy is approached. The strain fields surrounding the precipitates are extensive and
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Figure 4 15: TEM micrographs o f Sample 27 which was solutionized, quenched, and
artificially aged at 473 K for 360 hours, a) Disc shaped precipitants observed 
in plane o f micrograph. Edges o f disc perpendicular to plane of micrograph 
show as lines, b) Extensive strain field associated with the precipitates as 
coherency is being lost.
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Figure 4 16: TEM micrographs o f Sample 32 which was solutionized, quenched, and
artificially aged at 473 K for 2,160 hours, a and b) Disc shaped precipitants 
observed in plane o f micrograph. Edges o f disc perpendicular to plane of 
micrograph show as lines, c) Strain field associated with the precipitates 
decreasing as coherency is lost.
T-4028 73
annunciate a loss in coherency as the matrix atoms are strained to align with those in the 
precipitates. Because these large incoherent precipitates are less effective at impeding 
dislocation movement during plastic strain, a loss in strength occurs which was noticed in 
the decrease in hardness o f Region 3 in Figure 4 .8.
4.4 Statements O f Completion
The three regions observed in the magnetic susceptibility data result as the copper 
atoms associate with different numbers o f aluminum atoms as the precipitates within the 
alloy transform. Region 1 saw the magnetic susceptibility decrease with aging time as the 
copper left the G P1 zones and returned to solution, resulting in an increase in aluminum 
atoms affected by the copper. Regions 2 and 3 found the magnetic susceptibility increase 
with aging time. This increase, although at different rates, occurs as each copper atom 
looses influence over aluminum atoms. The loss o f influence occurs as phases develop 
that reduce the aluminum atoms associated with copper atoms. As a result, the change in 
aluminum-copper alloy microstructure, which occurs by transformation through several 
metastable phases, can be monitored with the bulk magnetic susceptibility measurements.
The change in magnetic susceptibility with changing microstructure is evident from 
this work. In addition this work confirmed that the aluminum-copper microstructure is 
responsible for the hardness present in the alloy. Figure 4.17 shows the Rockwell 15T 
hardness as a function o f the magnetic susceptibility. The solid curve represents a best fit 
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vary partially because their composition varies from 4.0 wt. pet. copper. Examining 
Figure 4.17 reveals that by measuring the magnetic susceptibility, the hardness can be 
predicted. This observation addresses the objective o f this thesis. The results suggest that 
bulk electronic and magnetic measurements (magnetic susceptibility) can be used to 
predict properties (hardness) o f alloy systems (aluminum-copper system). A secondary 
observation results from the curve o f Figure 4.17. Because o f the curvature, a hardness 
measurement correlates to two magnetic susceptibility. Therefore the magnetic 
susceptibility cannot be predict from a hardness measurement.
This thesis considered a binary alloy. Engineering alloys are typically more 
complicated, having several alloying elements that will contribute to the electronic 
measurements. To characterized these alloys may require additional analysis Two or 
more electronic and magnetic measurements, sensitive to different attributes o f the 
micro structure, may provide additional insight to the alloy state. Additional bulk 
electronic properties (Hall Effect, electrical resistivity) will likely exhibit relationships with 
alloy microstructure. One measured property could be plotted on the y-axis and the 
second property plotted on the x-axis, for example; magnetic susceptibility as a function o f 
Hall coefficient. The intersection o f these values should identify specific locations on the 
plot. These locations will suggest the state o f precipitation by their position relative to 
prior-determined, equal-phase-condition lines. In future work, a variety o f different 
electronic and magnetic quantities could be used to develop such plots for many different 
alloy systems. These plots could then be used to metallurgically characterize alloy
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components, providing significant improvements in the nondestructive evaluation o f 
advanced alloy properties and the prediction o f service life.
The initial stages o f developing the nondestructive evaluation o f alloys must show 
that electronic and magnetic measurements are sensitive to microstructure and can be 
correlated to material properties. This objective is best met by preparing alloy samples to 
fit the requirements o f existing measurement equipment. Once this fact is established, 
future development will adapt the measured properties to the real world. In order for this 
technique to be nondestructive, the measurement must conform to the geometry o f 




1 The mechanical properties o f alloys are often a function o f the phases present and 
the resulting microstructure. Alloy phases are dependent on electron concentration. 
Electronic and magnetic measurements, which are related to electron state, can be 
correlated to alloy phases and the associated mechanical properties. By using 
nondestructive electronic and magnetic measurements, it is possible to predict alloy 
mechanical properties.
2 The magnetic susceptibility o f heat-treatable aluminum alloys is sensitive to 
changes such as solution or dissolution o f solute and the precipitation o f new 
phases. The diamagnetic behavior o f the copper atom was found to influence the 
paramagnetic behavior o f the aluminum atoms associated with copper. As the 
number o f aluminum atoms associated with a copper atom change through 
precipitation, a corresponding change in magnetic susceptibility was found.
3 Magnetic susceptibility measurements were used to follow phase transformation in 
Al-Cu alloys. The three regions found in the magnetic susceptibility data 
correspond to the hardness data and phases documented in the TEM micrographs. 
Region 1 is consistent with G P 1 zone refinement, Region 2 is attributable to GP2 
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7000 1.7245E-03 7.2881 E-03
8000 1.9642E-03 8.3011 E-03
9000 2.2051 E-03 9.3192E-03
10000 2.4480E-03 1.0346E-02
6000 1.5011 E-03 6.4918E-03
7000 1.7451 E-03 7.5470E-03
8000 1.9876E-03 8.5957E-03
9000 2.2330E-03 9.6570E-03















10 1.1709 0.5072 0.2366
12 1.1664 0.5024 0.2312
14 1.1577 0.5037 0.2307










































10000 2.5551 E-03 1.1259E-02
18 1.2141 0.5004 0.2388
10 20 1.1156 0.5009 0.2198
11 22 1.1839 0.4940 0.2269









10000 2.6731 E-03 1.1706E-02









10000 2.4403E-03 1.1631 E-02
16 40 1.2167 0.4953 0.2344 6000 1.6334E-03 6.9678E-03
7000 1.8948E-03 8.0829E-03
























































































































23 96 1.0795 0.4958 0.2084

























































28 744 1.1610 0.5009 0.2288 6000 1.7670E-03 7.7236E-03




29 1080 1.1628 0.4933 0.2222 6000 1.6659E-03 7.4969E-03









31 1824 1.2167 0.4851 0.2249
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A STM  STANDARD
T-4028
Designation: E 18 -  92
Standard Test Methods for
Rockwell H ard n ess  and Rockwell Superficial H ardness of 
Metallic M aterials1,2
This standard is issued under the fixed designation E 18; the number immediately following the designation indicates the year of 
original adoption or. in the case of revision, the year of last revision. A number in parentheses indicates the year of Iasi reapproval. A 
superscript epsilon (<) indicates an editorial change since the last revision or reapproval.
T h is  s ta n d a rd  h a s  b ee n  ap p ro ve d  fo r  u se  b y  agencies o f  th e  D e p a rtm en t o f  D e fense  to  rep lace m e th o d  243.1  o f  F ed e ra l T est M e th o d  
S ta n d a rd  N o . 151b. C onsu lt th e  D o D  I n d e x  o f  Spec ifica tio n s  a n d  S ta n d a rd s  fo r  th e  spec ific  y e a r  o f  issu e  w hich h a s b een  a d o p te d  b y  th e  
D e p a rtm en t o f  D efense.
B 134 Specification for Brass W ire4 
B 152 Specification for Copper Sheet, Strip, Plate, and 
Rolled Bar4
B 291 Specification for" Coppef-Zinc-M anganese' Alloy 
(Manganese Brass) Sheet and Strip4 
B 370 Specification for Copper Sheet and Strip for 
Building Construction4 
E 4 Practices o f Load Verification o f Testing Machines6 
E 6 Terminology Relating to  M ethods o f Mechanical 
Testing6
E 29 Practice for Using Significant Digits in Test Data to 
Determ ine Conform ance with Specifications7 
E 140 Standard Hardness Conversion Tables for Metals 
(Relationship Between Brinell Hardness, Vickers Hard­
ness, Rockwell Hardness, Rockwell Superficial Hard­
ness, and Knoop Hardness)6
1. Scope
1.1 These test m ethods cover the determ ination o f  the 
Rockwell hardness and the Rockwell superficial hardness o f  
metallic- materials” "including m ethods for the verification o f 
machines for Rockwell hardness testing (Part B) and the 
calibration o f standardized hardness test blocks (Part C).
1.2 Values stated in inch-pound units are to be regarded 
as the standard. SI units are provided for inform ation only.
1.3 This standard does not purport to address all o f the 
safety problems, if  any, associated with its use. It is the 
responsibility of the user of this standard to establish appro­
priate safety and health practices and determine the applica­
bility of regulatory limitations prior to use. (See Note 4.)
2. Referenced Documents
2.1 ASTM Standards:
A 370 Test M ethods and Definitions fo r Mechanical 
Testing o f Steel Products3 
B 19 Specification for Cartridge Brass Sheet, Strip, Plate, 
Bar, and Disks (Blanks)4 
B 36 Specification for Brass Plate, Sheet, Strip, and Rolled 
Bar4
B 96 Specification for Copper-Silicon Alloy Plate, Sheet, 
Strip, and Rolled Bar for General Purposes and Pressure 
Vessels4
B 97 Specification for Copper-Silicon Alloy Plate, Sheet, 
Strip, and Rolled Bar for General Purposes5 
B 103 Specification for Phosphor Bronze Plate, Sheet, 
Strip, and Rolled Bar4 
B 121 Specification for Leaded Brass Plate, Sheet, Strip, 
and Rolled Bar4 
B 122 Specification for Copper-Nickel-Tin Alloy, Copper- 
Nickel-Zinc Alloy (Nickel Silver), and Copper-Nickel 
Alloy Plate, Sheet, Strip, and Rolled Bar4 
B 130 Specification for Commercial Bronze Strip for 
. Bullet Jackets4
’ These test methods are under the jurisdiction of ASTM Committee E-28 on 
Mechanical Testing and are the direct responsibility of Subcommittee E28.06 on 
Indentation Hardness Testing.
Current edition approved Jan. 15. 1992. Published March 1992. Originally 
published as E 18 -  32 T. Last previous edition E 18 -  89a.
1 In this test method, the term Rockwell refers to an internationally recognized 
type of indentation hardness test as defined in Section 3. and not to the hardness
testing equipment of a particular manufacturer.
} A n n u a l B ook o f  A S T M  S ta n d a rd s. Vols 01.01-01.05. and 03.01.
* A n n u a l B ook o f  A S T M  S ta n d a rd s . Vol 02.01.
5 Discontinued, set I9S1  A n n u a l B ook o f  A S T M  S ta n d a rd s. Part 6.
3. Terminology
3.1 Rockwell hardness test— an indentation hardness test 
using a verified machine to force a diam ond spheroconical 
indenter (diam ond indenter), o r hard steel ball indenter 
under specified conditions, into the surface of the material 
under test in two operations, and to  measure the difference 
in depth o f the indentation under the specified conditions of 
preliminary and total test forces (m inor and major loads, 
respectively).
3.2 Rockwell superficial hardness lest— same as the 
Rockwell hardness test except that smaller preliminary and 
total test forces are used,
3.3 Rockwell hardness number, HR— a num ber derived 
from the net increase in the depth o f indentation as the force 
on an indenter is increased from a specified preliminary test 
force to a specified total test force and then returned to the 
preliminary test force.
3.3.1 Discussion: Indenters— Indenters for the Rockwell 
hardness test include a diam ond spheroconical indenter and 
steel ball indenters o f several specified diameters.
3.3.2 Discussion— Rockwell hardness numbers are always 
quoted with a scale symbol representing the indenter and 
forces used. The hardness num ber is followed by the symbol 
HR and the scale designation.
Examples: 64 HRC = Rockwell hardness number of 64 on Rockwell
6 A n n u a l B tx ik  o f  A S T M  S ta n d a rd s, Vol 03.01.
7 A n n u a l B o o k  o f  A S T M  S ta n d a rd s. Vols 02.03. 03.1- . and 14.02.
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C scale. 8 1 HR30N Rockwell superficial hardness number of 81 on 
Rockwell 30N scale.
3.4 verification— checking or testing to  assure conform ­
ance with the specification.
3.5 calibration— determination o f the values o f the signif­
icant param eters by comparison with values indicated by a 
reference instrum ent or by a set o f  reference standards.
4. Significance and Use
4.1 The Rockwell hardness test is an  empirical indenta­
tion hardness test. Rockwell hardness tests provide useful 
inform ation about metallic materials. This information may 
correlate to tensile strength, wear resistance, ductility, and 
other physical characteristics o f  metallic materials, and may 
be useful in quality control and selection of materials.
4.2 Rockwell hardness testing at a specific location on a 
part may h o t represent the physical characteristics o f the 
whole part or end product.
4.3 Rockwell hardness tests are considered satisfactory for 
acceptance testing o f commercial shipments, and have been 
used extensively in industry for this purpose.
A. G ENERAL D ESC R IPTIO N  AND T E ST  PR O C ED U R E FO R ROCKW ELL H A RDNESS AND ROCKW ELL
SU PER FIC IA L H A R D N ESS TESTS . : ..............
5. Apparatus .. ~
5.1 General Principles— The general principles o f the 
Rockwell hardness test are illustrated in  Fig. 1 (diam ond 
indenter) and Fig. 2 (ball indenters) and the accompanying 
Tables 1 and 2. In the case o f the Rockwell superficial test 
the general principles are illustrated in Fig. 3 (diam ond 
indenter) and Fig. 4 (ball indenter) and the accompanying 
Tables 3 and 4.
5.1.1 See Equipment Manufacturer’s Instruction Manual 
for a description of the m achine’s characteristics, lim itations, 
and respective operating procedures. Typical applications o f 
the various hardness scales are shown in Tables 5 and 6. 
Rockwell hardness values are usually determ ined and re­
ported in accordance with one o f these standard scales. An 
indenter (diam ond cone or steel ball) is forced into the 
surface o f a test piece in two steps under specified conditions 
(see Section 7) and the difference in depth o f indentation is 
measured as e.
5.1.2 The unit m easurement for e is 0.002 m m  and 0.001 
m m  for the Rockwell hardness test and Rockwell superficial 
hardness test, respectively. From  the value o f  e, a num ber 
known as the Rockwell hardness is derived. There is no 
Rockwell hardness value designated by a  num ber alone 
because it is necessary to indicate which indenter and force 
have been employed in making the test (see Tables 5 and 6).
5.2 Description o f Machine and Method o f Test— The 
tester for making Rockwell hardness determ inations is a 
m achine that measures hardness by determ ining the differ-
~ ■■ED© E ®
? -f-f > ?■ /T v  9 - H - i l
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FIG. 2 Rockwell Hardness Test with Steel Ball Indenter 
(Rockwell B Example) (Table 2)
ence in penetration depths o f  an indenter under two speci­
fied forces, called preliminary and total test forces.
5.2.1 There are two general classifications o f the Rockwell 
test: the Rockwell hardness test and the Rockwell superficial 
hardness test.
5.2.2 In the Rockwell hardness test the preliminary test 
force is 10 kgf (98 N). Total test forces are 60 kgf (589 N), 
100 kgf (981 N) and 150 kgf (1471 N). In the Rockwell 
superficial hardness test the prelim inary test force is 3 kgf (29 
N) and total test forces are 15 kgf (147 N), 30 kgf (294 N), 
and 45 kgf (441 N). The indenter for either test shall be o f a
Wlott «f i«i
TABLE 1 Symbols and Designations A ssociated with Fig. 1
FIG. 1 Rockwell Hardness Test with Diamond Indenter 
(Rockwell C Example) (Table 1)
Symbol Designation
1 . . .  Angle at the top of the diamond indenter (120°)
2 . . .  Radius of curvature at the tip of the cone (0.200
mm)
3 P0 Preliminary Test Force =  10 kgf (98 N)
4 P, Additional Force *= 90 or 140 kgl (883 or 1373 N)
5 P  Total Test Force »  P0 + Pi “  10 + 140 = 150
kgf (147 N)
6 . . .  Depth ot penetration under test force betore
application of additional load
7 . . .  Increase in depth of penetration under additional
load
8 e Permanent increase in depth of penetration under
preliminary test force after removal of additional 
force, the increase being expressed in units of 
0.002 mm
9 xx HRC Rockwell C hardness — 100 -  e
T-4028
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TABLE 2 Symbols and Designations Associated with Fig. 2.
Symbol Designation
FIG. 3 Rockwell Superficial Hardness Test with Diamond 
Indenter (Rockwell 30N Example) (Table 3)
spheroconical o r spherical configuration. Scales vary by a 
com bination o f  total test force and  type o f indenter.
5.2.3 The difference in depth is normally m easured by an 
electronic device o r by a  dial indicator. The hardness value, 
as read from the instrum ent, is an  arbitrary num ber which is 
related to the difference in the depths produced by the two 
forces; and since the scales a re reversed, the higher the
num ber the harder the material.
5.2.4 In accordance with the operating procedures recom­
m ended by the m anufacturer o f  the  hardness tester, the test 
is started by applying the prelim inary test force causing an 
initial penetration o f the' specimen. Since m easurement o f 
the difference in depth starts after the preliminary force has
been applied, the dial gage poin ter is set to zero if  the
instrum ent is a dial indicator m odel. On a digital readout 
instrum ent, the zero point is captured by the electronics 
automatically. The instrum ent shall be designed to  eliminate 
the effect o f  im pact in applying the prelim inary test force.
5.2.5 The additional force is applied for the required dwell 
time and then removed. The return  to  the prelim inary test 
force position holds the indenter at the point o f  deepest 
penetration yet allows elastic recovery to occur and the 
stretch of the frame to  be factored out. The test result is 
displayed by the testing machine.
5.3 Indenters:
5.3.1 The standard indenters, as have been m entioned in 
3.3, are the diam ond spheroconical indenter and steel ball
1 D  Diameter of ball — Vi« in. (1.588 mm)
3 P0 Preliminary Test Force «= 10 kgf (98 N)
4 P, Additional force «  90 kgf (683 N)
5 P  Total Test Force «= P0 +  P, -  10 + 90 -  100 kgf
(981 N)
6  Depth of penetration under preliminary test force 
before application of additional force
7 . . .  Increase in depth of penetration under additional
force
8 e Permanent increase in depth of penetration under
preliminary test force after removal of the 
additional force, the increase being expressed in 
units of 0.002 mm
9 xx HRB Rockwell B hardness — 130 -  e
TABLE 3 Symbols and Designations A ssociated with Fig. 3
Symbol Designation
Angle at the tip of the diamond indenter (120*) 
Radius of curvature a t the tip of the cone (0.200 
mm)
P0 -  Preliminary Test Force = 3 kgf (29 N)
P, . Additional force — 27 kgf (265 N)
P ■ Total Test Force = P0 +  P , «  3 + 27 -  30 kgf
(294 N)
— ------------Depth of penetration underpreliminary te s r fo re r
before application of additional force
Increase in depth of penetration under additional
force
e Permanent increase in depth of penetration under
preliminary test force after removal of additional 
force, the increase being expressed in units of 
0.001 mm
xx HR30N Rockwell 30N hardness =  100 -  e
indenters '/i6, >/*, '/», and V2 in. (1.588, 3.175, 6.350, and 
12.70 m m) in diameter.
5.3.2 The diam ond indenter shall conform  to the require­
m ents prescribed in 13.1.2.1.
5.3.3 The steel balls shall conform to  the requirements 
prescribed in 13.1.2.2.
5.3.4 Dust, dirt, grease, and scale shall not be allowed to 
accumulate on the indenter as this will affect the test results.
5.4 Anvils— W hen required, an anvil shall be used that is 
suitable for the specimen to be tested. Cylindrical pieces shall 
be tested with a V-grooved anvil that will support the 
specimen with the axis o f the V-groove directly under the 
indenter or on hard, parallel, twin cylinders properly posi-
i ® -
TABLE 4 Symbols and Designations A ssociated with Fig. 4
FIG. 4 Rockwell Superficial Hardness Test with Steel Ball 





Diameter of ball “  v<» in. (1.588 mm)
Preliminary Test Force = 3 kgf (29 N)
Additional force — 27 kgf (265 N)
Total Test Force = P0 + P, = 3 + 27 = 30 kgf 
(294 N)
Depth of penetration under preliminary test force 
before application of additional force 
Increase in depth of penetration under additional 
force
Permanent increase in depth of penetration under
preliminary test force after removal of the
additional force, the increase being expressed in
units of 0.001 mm
Rockwell 15T hardness = 100 -  e
Rockwell 30T hardness = 100 - e
Rockwell 45T hardness «  100 — e
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Figures Typical Applications of Scales
B Visnn. (1.588-mm) ball 100 red Copper alloys, soft steels, aluminum alloys, malleable iron. etc.
C diamond 150 black Steel, hard cast irons, peartitic malleable iron, titanium, deep case hardened steel, and other 
materials harder than B 100.
A diamond 60 black Cemented carbides, thin steel, and shallow case-hardened steel.
D diamond 100 black Thin steel and medium case hardened steel, and peaditic malleable iron.
E ’/a-in. (3.175-mm) ball 100 red Cast iron, aluminum and magnesium alloys, bearing metals.
F Via-in. (1.588-mm) ball 60 red Annealed copper alloys, thin soft sheet metals.
G 1/ie-in, (1.588-mm) ball 150 red Malleable irons, copper-nickei-zinc and cupro-nickel alloys. Upper limit G 92 to avoid possible 
flattening of ball.
H Ve-in. (3.175-mm) ball 60 red
red
Aluminum, zinc, lead.
K Ve-in. (3.175-mm) ball 150




’A-in. (6.350-mm) bail 








Bearing metals and other very soft or thin materials. Use smallest ball and heaviest load that 
does not give anvil effect.
S V2-in. (12.70-mm) ball 100 red
V tfc-in. (12.70-mm) ball 150 red j
TABLE 6 Rockwell Superficial Hardness Scales
Scale Symbols
Total Test Force,
kgf (N) N Scale, Diamond T Scale, Vi«-in. W Scale, V«-in. X Scale, '/4-in. Y Scale. Vt-in.
Indenter (1.588-mm) Ball (3.175-mm) Ball (6.350-mm) Ball (12.70-mm) Ball
15(147) 15N 15T 15W 15X 15Y
30 (294) 30N 30T 30W 30X 30Y
45(441) 45N 45T 45W 45X 45Y
tio n ed  a n d  c lam ped  in  th e ir  base. F la t pieces shall be  tested  
o n  a  flat an v il th a t has a  sm o o th , flat bearing  surface  w hose 
p lan e  is p e rp en d icu la r to  th e  axis o f  th e  in d en te r. F o r  th in  
m ate ria ls  o r  spec im ens th a t are  n o t perfectly  flat, an  an v il 
hav ing  an  elevated , flat “ sp o t” a b o u t V a  in. (6 m m ) in  
d iam e te r shall be used. T h is  spo t shall be po lished  sm o o th  
a n d  flat a n d  shall have a R ockw ell hard n ess o f  a t least 60  
H R C . T h e  seating  a n d  su p p o rtin g  surfaces o f  all anv ils shall 
be c lean  a n d  sm o o th  a n d  shall be free from  pits, heavy  
scratches, d u st, d irt, a n d  grease. I f  th e  p ro v isions o f  6 .3  on  
th ickness o f  th e  test p iece are  co m p iled  w ith , th e re  will b e  n o  
d a n g er o f  in d en tin g  th e  anvil, bu t, i f  it  is so th in  th a t  th e  
im p ress io n  show s th ro u g h  o n  th e  u n d e r  side, th e  an v il m ay  
be dam aged . D am ag e  m ay  also o c cu r from  acc id en ta l 
c o n tac tin g  o f  th e  anv il by th e  in d en te r. I f  th e  an v il is 
d am ag ed  from  any  cause, it shall be  replaced. A nvils show ing  
th e  least p ercep tib le  d e n t will give in accu ra te  resu lts o n  th in  
m ate ria l. V ery soft m ate ria l shou ld  n o t be tested  o n  th e  
“ sp o t”  an v il because th e  app lied  lo ad  m ay  cause th e  p e n e tra ­
tio n  o f  th e  anv il in to  th e  u n d e r side  o f  th e  sp ec im en  
regardless o f  its th ickness.
5.5 Test Blocks— T est b locks m eeting  th e  re q u ire m e n ts  o f  
P a r t C  shall be used to  period ically  verify the  h a rd n ess  teste r.
6 . T e s t Piece
6.1 T he  test shall b e  carried  o u t o n  a sm o o th , even  surface  
th a t  is free from  ox ide scale, foreign m atte r , a n d , in 
p a rticu la r, co m ple te ly  free from  lu b rican ts  (excep t for reac ­
tiv e  m etals, such as t ita n iu m  w here lu b rica tio n  such  as 
k e ro sen e  is required).
6.2 P rep ara tio n  shall be  carried  o u t in  such a way th a t  an y  
a lte ra tio n  o f  the  surface  h a rdness (for exam ple, d u e  to  hea t 
o r  cold-w orking) is m in im ized .
6.3 T h e  th ickness o f  th e  test piece o r  o f  the  layer u n d e r
test shou ld  be as d ic ta ted  in  T ab les 7, 8, 9, a n d  10 a n d  as 
p resen ted  graphically  in  Figs. 5 a n d  6. A s a  general rule, the  
th ickness sho u ld  exceed 10 tim es the  d e p th  o f  th e  in d e n ta ­
tio n . As a  rule, no  d e fo rm a tio n  sh o u ld  be  v isible o n  the  back  
o f  th e  test piece a fte r th e  test a lth o u g h  n o t all such  m ark in g  is 
ind icative  o f  a bad  test.
6 .4 F o r tests o n  convex  cylindrical su rfaces th e  co rrec tio n s
TABLE 7 A Minimum Thickness Guide for Selection of Scales 
Using the Diamond Indenter (see  Fig. 6)
N o t e —For any given thickness, the indicated Rockwell hardness is the 
minimum value acceptable for testing. For a given hardness, material of any 











0.016 0.41 86 69
0.018 0.46 84 65
0.020 0.51 82 61.5
0.022 0.56 79 56 69
0.024 0.61 76 50 67
0.026 0.66 71 41 65
0.028 0.71 67 32 62






A These approximate hardness numbers are for use in selecting a suitable scale 
and should not be used as hardness conversions. If necessary to convert test 
readings to another scale, refer to Hardness Conversion Tables E 140 (Rela­
tionship Between Biinefl Hardness, Vickers Hardness, Rockwell Hardness. 
Rockwell Superficial Hardness, and Knoop Hardness).
T-4028 97
®  E 18
TABLE 8 A Minimum Thickness Guide for Selection of Scales 
Using the Via-in. (1.588-mm) Diameter Ball Indenter (see  Fig. 7)
Note— For any given thickness, the indicated Rockwell hardness is the 
minimum value acceptable for testing. For a given hardness, material of any 












0.024 0.61 98 72 94
0.026 0.66 91 60 87
0.028 0.71 85 49 80
0.030 0.76 77 35 71





A These approximate hardness numbers are for use in selecting a suitable scale 
and should not be used as hardness conversions. If necessary to convert test 
readings to another scale refer to  Hardness Conversion Tables E 140 (Relationship 
Between Brine# Hardness. Vickers Hardness. Rockwell Hardness. Rockwell 
Superficial Hardness and Knoop Hardness).
given in  T ab les 11, 12, 13, an d  14 shall be app lied . 
C orrec tio n s for tests o n  spherica l a n d  co ncave  surfaces 
shou ld  be  the  sub ject o f  special ag reem en t. W hen  testing  
cy lind rica l specim ens, th e  accu racy  o f  th e  test will be 
seriously  affected  by a lig n m en t o f  e levating  screw , V -anvil, 
inden te rs , surface fin ish , a n d  th e  s tra ig h tn ess o f  th e  cy linder.
6.5 Precautions fo r materials having excessive, tim e-de­
pendent plasticity (indentation creep): In  th e  case o f  m ate ria ls  
exh ib iting  plastic  flow a fte r ap p lica tio n  o f  the  to ta l test force, 
th e  in d en te r  will c o n tin u e  to  m ove. T h e  to ta l test force 
shou ld  be  rem o v ed  a fte r th e  specified  dw ell tim e , a n d  th e  
tim e  reco rded  a fte r th e  te s t resu lts  ( th a t is, 65 H R F , 4  s) if  
longer th a n  3 s. W h en  m ate ria ls  req u ire  th e  use o f  a  dwell 
tim e  g reater th a n  3 s, th is  sh o u ld  be specified  in  the  p ro d u c t 
specification .
7. P rocedure
7.1 T h e  test is no rm ally  carried  o u t a t a m b ien t tem p era ­
tu re  w ith in  the lim its o f  50 to  9 5 ° F (1 0 to  35”C). T ests carried  
o u t u n d e r  co n tro lled  c o n d itio n s shall be m ad e  a t a tem p era ­
tu re  o f  73 ±  9°F (23 ±  5 ’C).
7.2 T h e  test piece shall be su p p o rted  rigidly so th a t no 
effects o f  d isp lacem en t o ccu r d u rin g  th e  test.
7.3 B ring the  in d en te r  in to  co n tac t w ith  the  test surface 
an d  app ly  th e  p re lim in a ry  test force P0 (m in o r  load) o f  10 kgf 
(98 N ) for the  R ockw ell hardness test o r  3 k g f (29 N) for 
R ockw ell superficial h a rd n ess test in  a  d irec tio n  p e rpend ic ­
u lar to  th e  surface  w ith o u t shock  o r v ib ratio n . (See T able  15 
for to le rances o f  test forces.) T h e  dwell t im e  fo r th e  p re lim i­
nary  test force shall n o t exceed 3 s.
7.4 E stablish  th e  reference position  (see Manufacturer’s 
Instruction Manual) a n d  increase th e  force, w ith o u t shock  o r 
v ibration , over a  p e rio d  o f  1 to  8 s b y  th e  value o f  the 
ad d itio n a l tes t force, P , (ad d itional load ) n eeded  to  o b ta in , 
the  req u ired  to ta l test force P  for a  given hard n ess scale (see 
T ables 5 a n d  6).
7.5 W hile m ain ta in in g  th e  p re lim in a ry  test force P 0, 
rem ove th e  a d d itio n a l test force P { in  acco rd an ce  w ith  the  
following:
7.5.1 F o r m ate ria ls  w hich , u n d e r th e  co n d itio n s  o f  the 
test, show  no  tim e -d ep e n d en t plasticity , rem o v e  P , w ith in  3 s 
a fter th e  to ta l test force is applied .
7.5.2 F o r  m ate ria ls  w hich , u n d e r th e  co n d itio n s  o f  the  
test, show  som e tim e -d ep e n d en t plasticity , rem o v e  P , w ith in  
5 to  6 s w h en  using  d ia m o n d  cone  in d en te r a n d  w ith in  6 to  8 
s w hen using  steel ball in d en te r  afte r th e  ap p lica tio n  o f  the 
to ta l test force begins.
7.5.3 In  special cases w here the  m ate ria l, u n d e r the  
co n d itio n s o f  th e  test, show s considerab le  tim e-d ep en d en t 
plasticity , rem o v e  P , w ith in  20 to  25 s a fte r th e  ap p lica tio n  o f  
the to ta l test force begins.
7.5 .4  W hen  m ate ria ls  requ ire  the  use o f  a  dwell tim e  
greater th a n  3 s, th is  shall be specified in  th e  p ro d u c t 
specification , a n d  th e  dw ell tim e  shall be reco rded .
TABLE 9 A Minimum Thickness Guide for Selection of Scales Using the Diamond Indenter (see Fig. 6)
N o t e — For any given thickness, the indicated Rockwell hardness is the minimum value acceptable for testing. For a given hardness, material of any greater thickness 


















0.006 0.15 92 65
0.008 0.20 90 60
0.010 0.25 88 55
0.012 0.30 83 45 82 65 77 69.5
0.014 0.36 76 32 78.5 61 74 67
0.016 0.41 68 18 74 56 72 65
0.018 0.46 66 47 68 61
0.020 0.51 57 37 63 57
0.022 0.56 47 26 58 52.5
0.024 0.61 51 47
0.026 0.66 37 35
0.028 0.71 20 20.5
0.030 0.76
*  These approximate hardness numbers are for use in selecting a suitable scale, and should not be used as hardness conversions. If necessary to convert test readings 
to another scale, refer to Hardness Conversion Tables E 140 (Relationship Between Brine# Hardness. Vickers Hardness, Rockwell Hardness. Rockwell Superficial 
Hardness and Knoop Hardness).
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TABLE 10 A Minimum Thickness Guide for Selection of Scales Using the Vie in. (1.588 mm) Diameter Ball Indenter (see Fig. 7)
Note— For any given thickness, the indicated Rockwell hardness is the minimum value acceptable for testing. For a given hardness, material of any greater thickness 
than that corresponding to that hardness can be tested on the indicated scale.
Minimum Rockwell Superficial Scale















0.010 0.25 91 93
0.012 0.30 86 78
0.014 0.36 81 62 80 96
0.016 0.41 75 44 72 84 71 99
0.018 0.46 68 24 64 71 62 90
0.020 0.51 55 58 53 80
0.022 0.56 45 43 43 70
0.024 0.61 34 28 31 58
0.026 0.66 18 45
0.028 0.71 4 32
0.030 0.76
A These approximate hardness numbers are for use in selecting a suitable scale, and should not be used as hardness conversions. If necessary to convert test readings 
to another scale refer to Hardness Conversion Tables E 140 (Relationship Between Brined Hardness. Vickers Hardness. Rockwell Hardness. Rockwell Superficial Hardness 
and Knoop Hardness).
7.6 T h ro u g h o u t th e  test, th e  a p p a ra tu s  shall be p ro tec ted  
fro m  sh ock  o r  v ib ration .
7.7 T h e  R ockw ell h a rd n ess n u m b e r  is derived  from  th e  
d ifferen tia l increase  in  d e p th  o f  in d e n ta tio n  e a n d  is u sually  
read  d irectly . T h e  d e r iv a tio n  o f  th e  R ockw ell h a rd n ess 
n u m b e r  is illu stra ted  in  Figs. 1 th ro u g h  4.
7.8 A fte r each change, o r  rem o v a l a n d  rep lacem en t, o f  th e  
in d e n te r  o r  th e  anv il, it  shall be  a scerta in ed  th a t  th e  new  
in d e n te r  (o r the  new  anvil) is co rrec tly  m o u n te d  in  its 
housing .
7.8.1 T he  first tw o read ings a fte r  a  new  in d en te r o r  anv il 
h as b een  m o u n te d  shall be d isregarded , a n d  th e  o p e ra tio n  o f  
th e  m ach in e  checked  w ith  th e  ap p ro p ria te  s tan d ard ized  
h a rd n ess  test block.
Note 1—It is recognized that appropriate standardized test blocks 
are not available for all geometric shapes, or materials, or both.
7.9 T h e  d istance, be tw een  th e  c en te r  o f  tw o  ad jacen t 
in d e n ta tio n s  shall be  a t  least th ree  tim es th e  d iam e te r o f  th e  
in d en ta tio n .
7.9.1 T h e  d istan ce  fro m  th e  c e n te r  o f  an y  in d en ta tio n  to  
a n  edge o f  th e  test piece shall be  a t  least tw o  a n d  a  h a lf  tim es  . 
th e  d iam e te r  o f  the  in d en ta tio n .
7 .10  U n less o therw ise  specified , all read ings are to  be 
rep o rted  to  th e  nearest w hole  n u m b er, ro u n d in g , in  acco r­
d a n c e  w ith  P rac tice  E  29.
8 . C onversion  to  O th e r  H a rd n e ss  S ca les  o r  T ensile  S tre n g th
V alues
8.1 T h ere  is n o  general m e th o d  o f  accu ra te ly  co n v ertin g
th e  R ockw ell hard n ess n u m b ers  on  o ne  scale to  R ockw ell 
hard n ess n u m b ers  o n  a n o th e r  scale, o r  to  o th e r types o f  
hard n ess num b ers , o r  to  tensile  s treng th  values. Such  co n v er­
sions are, a t  best, a p p ro x im atio n s  an d , therefore, should  be 
avo ided  excep t fo r special cases w here  a  re liab le  basis for th e  
a p p ro x im ate  co nversion  has been  o b ta in ed  by com p ariso n  
tests.
Note 2—The Standard Hardness Conversion Tables E 140, for 
Metals, give approximate conversion values for specific materials such as 
steel, austenitic stainless steel, nickel and high-nickel alloys, cartridge 
brass, copper alloys, and alloyed white cast irons.
Note 3—ASTM Specifications giving approximate hardness-tensile 
strength relationships are listed in Appendix X 1.
9. R eport
9.1 T h e  rep o rt shall include  th e  follow ing in fo rm atio n :
9.1.1 T h e  R ockw ell h ardness n u m b e r (see 3.3.2).
‘ 9.1.1.1 All rep o rts  o f  R ockw ell h a rdness tes t read ings shall 
ind ica te  the  scale used . U n less o therw ise  specified, all read ­
ings a re  to  be  rep o rted  to  th e  nearest w hole  n u m b er, 
ro u n d in g  to  be in  acco rd an ce  w ith  P rac tice  E 29.
9-1.2 T h e  tim e  o f  ap p lica tio n  o f  th e  to ta l test force if  
g reater th a n  3 s.
10. P rec is ion  and  B ias . . ...
10.1 Precision— A n  in te rlab o ra to ry  test p ro g ram  is now  
in progress. W h en  co m ple ted , it will be th e  basis o f  a 
s ta tem en t on  p recision . . .
10.2 Bias— T h ere  is n o  basis fo r defin ing  th e  b ias  fo r th is  
m eth o d .
B. V E R IF IC A T IO N  O F  M A C H IN E S  F O R  R O C K W E L L  H A R D N E S S  A N D  R O C K W E L L  S U P E R F IC IA L
H A R D N E S S  T E S T IN G
11. Scope
11.1 P a rt B covers tw o p ro ced u res for th e  verifica tion  o f  
m ach in es for R ockw ell h a rd n ess a n d  R ockw ell superficial 
h a rd n ess tes tin g  a n d  a  p ro ced u re  w hich  is reco m m en d ed  fo r 
use to  co n firm  th a t th e  m ac h in e  is o p e ra tin g  sa tisfactorily  in
the  in tervals betw een  th e  p eriod ica l ro u tin e  checks m ad e  by 
the  user. T h e  tw o m eth o d s o f  v erification  are:
11.1.1 Separate verification  o f  test force, in d en ter, an d  the 
d ep th  m easuring  device follow ed by  a perfo rm ance  test (13.2). 
T h is m ethod  shall be used for new  an d  rebu ilt m achines.
11.1.2 V erification  by s tan d ard ized  test b lock  m ethod .
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Note—Locate a point corresponding to the thickness-hardness combination to be tested. Only scales falling to the left of this point may be used to test this combination. 
FIG. 5 Thickness Limits for Rockwell Hardness Testing Using the Diamond Indenter
T h is  m e th o d  shall be used  in  referee, lab o ra to ry , o r  ro u tin e  
testing  to  assure  th e  o p e ra to r  th a t  th e  m ach in e  fo r R ockw ell 
h a rd n ess testing  is op era tin g  p ro p e rly  (see 13.2).
12. G en era l R equ irem en ts
12.1 B efore a  R ockw ell h a rd n ess tes tin g  m ach in e  is v e ri­
fied, it  shall be checked  to  en su re  that:
12.1.1 T h e  m ach in e  is p ro p erly  set up.
12.1.2 T h e  in d en te r-h o ld e r is p ro p erly  sea ted  in  th e  
p lunger.
12.1.3 W h en  th e  in d en te r  is a  steel ball, th e  h o ld e r is fitted  
w ith  a  new  ball th a t  co m plies w ith  13.1.2.2.
12.1.4 W h en  th e  in d en te r  is a  d ia m o n d  in d en te r, it m u st
be free from  defects w h ich  m ay  affect th e  accu racy  o f  the  test 
(See 13.1.2.1).
12.1.5 T h e  tes t fo rce  can  be app lied  an d  rem o v ed  w ith o u t 
shock o r  v ib ra tio n  a n d  in  such  a  m a n n e r  th a t  th e  readings 
are n o t in fluenced .
12.1.6 T h e  read ings a re  n o t affected  by  d e fo rm a tio n s  o f  
the  fram e.
13. V erification
13.1 D irect V erifica tio n — D irect verifica tion  involves ver­
ification  o f  th e  test force, verification  o f  th e  in d en te r, a n d  
v erification  o f  th e  m easu rin g  device.
13.1.1 Verification o f  the Test Force.
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Note— Locate a point corresponding to the thickness-hardness combination to be tested. Only scales falling to the left of this point may be used to test this combination. 
FIG. 6 Thickness Limits for Rockwell Hardness Testing Using the Vi»-in. (1.588-mm) Diameter Ball Indenter
13 .1 .1 .1 T h e  p re lim in a ry  test force P0 a n d  each  to ta l test 
force  P  u sed  (see T ab le  15) shall be  m easu red , a n d  th is  shall 
be  d o n e  a t  n o t less th an  th ree  p o sitio n s o f  th e  p lu n g er 
u n ifo rm ly  sp aced  th ro u g h o u t its range  o f  m o v em e n t d u rin g  
testing .
13.1.1.2 T h e  forces shall be  m easu red  b y  o n e  o f  th e  
fo llow ing tw o  m eth o d s  described  in  P rac tices E  4.
(a) M easu rin g  by m ean s  o f  a n  e lastic  p ro v in g  device 
p rev iously  ca lib ra ted  to  C lass A  accu racy  o f  ± 0 .2 5  %, o r
(b) b a lan c in g  ag ainst a  force, a ccu ra te  to  ± 0 .2 5  % app lied  
by m ea n s  o f  stan d ard ized  m asses w ith  m ech an ical ad v an ­
tage.
13.1.1.3 T h ree  readings shall be  tak e n  fo r each  force a t 
each  p o sitio n  o f  th e  p lunger. Im m ed ia te ly  before  each 
read in g  is tak en , th e  p lu n g er shall h av e  b een  m o v ed  in  the  
sam e d irec tio n  as d u rin g  testing.
13.1.1.4 E ach  m ea su re m e n t o f  th e  p re lim in a ry  tes t force 
before  a p p lica tio n  a n d  a fte r rem o v a l o f  th e  a d d itio n a l test
force an d  each  m easu rem en t o f  th e  to ta l fo rce  shall be  w ith in  
th e  to le rances given in  T ab le  15.
13.1.2 V erification  o f  th e  ind en te r.
13.1.2.1 D iam ond Indenter.
(a) T h e  d iam o n d  in d en te r shall be free fro m  surface defects 
(cracks, chips, p its, e tc .) a n d  po lished  to  su ch  an  ex ten t th a t 
n o  u n p o lish ed  p a r t  o f  its su rface m ak es c o n ta c t w ith  th e  test 
p iece w hen  th e  in d e n te r  p en etra tes to  a  d e p th  o f  0.3 m m  for 
R ockw ell h a rd n ess testing  a n d  0.2 m m  fo r R ockw ell superfi­
cial hardness testing.
(b) T he verifica tion  o f  th e  shape o f  th e  in d e n te r  can  be 
m ad e  by d irec t m easu rem en t o r  by  m ea su re m e n t o f  its 
p ro jec tion  on  a  screen. T h e  verification  sha ll be  m ad e  a t not 
less th a n  fo u r ap p ro x im ate ly  equally  sp aced  sections.
(c) T h e  d iam o n d  in d en te r shall have  a n  in c lu d ed  angle of 
120° ±  0.35*.
(d) T h e  angle betw een th e  axis o f  th e  d ia m o n d  in d en te r
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TABLE 11 Corrections to Be Added to Rockwell C, A, and 0 Values Obtained on Convex Cylindrical Surfaces* of Various Diameters
Dial
Reading



















Corrections to be Added to Rockwell C, A, and D Values0
20 6.0 4.5 3.5 2.5 2.0 1.5 1.5 1.0 1.0
25 5.5 4.0 3.0 2.5 2.0 1.5 1.0 1.0 1.0
30 5.0 3.5 2.5 2.0 1.5 1.5 1.0 1.0 0.5
35 4.0 3.0 2.0 1.5 1.5 1.0 1.0 0.5 0.5
40 3.5 2.5 2.0 1.5 1.0 1.0 1.0 0.5 0.5
45 3.0 2.0 1.5 1.0 1.0 1.0 0.5 0.5 0.5
50 2.5 2.0 1.5 1.0 1.0 0.5 0.5 0.5 0.5
55 2.0 1.5 1.0 1.0 0.5 0.5 0.5 0.5 0
60 1.5 1.0 1.0 0.5 0.5 0.5 0.5 0 0
65 1.5 1.0 1.0 0.5 0.5 0.5 0.5 0 0
70 1.0 1.0 0.5 0.5 0.5 0.5 0.5 0 0
75 1.0 0.5 0.5 0.5 0.5 0.5 0 0 0
80 0.5 0.5 0.5 0.5 0.5 0 0 0 0
85 0.5 0.5 0.5 0 0 0 0 0 0
90 0.5 0 0 0 0 0 0 0 0
* When testing cylindrical specimens, the accuracy of the test will tie seriously affected by alignment of elevating screw, V-anvil, indenters, surface finish, and the 
straightness of the cylinder.
0 These corrections are approximate only and represent the averages to the nearest 0.5 Rockwell number, of numerous actual observations.
TABLE 12 Corrections to Be Added to Rockwell B, F, and G Values Obtained on Convex Cylindrical Surfaces* of Various Diameters
Diameters of Convex Cylindrical Surfaces
Hardness V* in. Vs in. Vx in. Vs in. V, in. Vs in. 1 in.
Reading (6.4 mm) (10 mm) (13 mm) (16 mm) (19 mm) (22 mm) (25 mm)
Corrections to be Added to Rockwell B, F. and G Values0
0 12.5 8.5 6.5 5.5 4.5 3.5 3.0
10 12.0 8.0 6.0 5.0 4.0 3.5 3.0
20 11.0 7.5 5.5 4.5 4.0 3.5 3.0
30 10.0 6.5 5.0 4.5 3.5 3.0 2.5
40 9.0 6.0 4.5 4.0 3.0 2.5 2.5
50 8.0 5.5 4.0 3.5 3.0 2.5 2.0
60 7.0 5.0 3.5 3.0 2.5 2.0 2.0
70 6.0 4.0 3.0 2.5 2.0 2.0 1.5
80 5.0 3.5 2.6 2.0 1.5 1.5 1.5
90 4.0 3.0 2.0 1.5 1.5 1.5 1.0
100 3.5 2.5 1.5 1.5 1.0 1.0 0.5
A When testing cylindrical specimens, the accuracy of the test wilt be seriously affected by alignment of elevating screw, V-anvil, indenters, surface finish, and the
straightness of the cylinder. ...............
0 These corrections are approximate only and represent the averages to the nearest 0.5 Rockwell number, of numerous actual observations.
ized  test b lock  by m o re  th a n  th e  a m o u n t show n  in  T ab le  17.
13.1.2.2 Steel Balls:
Note 4: Caution— Only steel balls should be used. Balls made out of 
other hard materials such as tungsten carbide may give different results.
(a) F o r  th e  p u rp o se  o f  verifying th e  size a n d  th e  hardness 
o f  th e  in d en te r, it is co n sidered  su ffic ien t to  tes t a  sam ple  
selected a t ra n d o m  fro m  a  batch . T h e  ball(s) .'verified for 
hardness shall be d iscarded .
(b) T h e  ball shall be  p o lished  an d  free from  surface defects.
(c) T h e  u se r shall e ith e r m easure  th e  balls to  ensu re  th a t 
th ey  m eet th e  fo llow ing  req u irem en ts , o r  he  shall o b ta in  balls 
from  a su p p lie r  w ho  c an  certify  th a t th e  fo llow ing co n d itio n s 
are m et. T h e  d iam e te r, w hen  m easu red  a t n o t less th an  th ree  
positions, shall n o t d iffe r from  th e  n o m in a l d iam e te r  by 
m ore  th a n  th e  to le ran ce  given in T ab le  18. T he  hardness 
shall n o t be less th a n  850  H V  10. M ean  d iagonals o f  V ickers 
im pressions co rre sp o n d in g  to  th is h a rdness level are  given in 
T able  19.
13.1.3 Verification o f  the Measuring Device:
13.1.3.1 T h e  d ep th -m easu rin g  device shall be  verified 
o ver no t less th a n  th ree  in tervals, in c lu d in g  the  in tervals
a n d  th e  axis o f  th e  in d en te r  h o ld er (n o rm al to  th e  sea ting  
surface) shall n o t exceed  0.5*.
(e) T h e  spherica l tip  o f  th e  d ia m o n d  cone  shall have a  
m ea n  rad iu s  o f 0 .200  ±  0 .010  m m . In  each  m easu red  section  
th e  rad iu s  shall be 0 .200  ±  0.015 m m  a n d  local d ev ia tio n s 
fro m  a  tru e  rad iu s shall n o t exceed 0 .002  m m . T h e  surfaces 
o f  th e  co n e  a n d  spherical tip  shall b len d  in  a  tru ly  tangen tia l 
m an n e r.
(f) T h e  h ardness values given by the  testing  m ach in e  d o  
n o t d e p en d  o n ly  o n  th e  d im en sio n s given in  13.1.2.1 (c-e), 
b u t  a lso  o n  th e  surface  roughness a n d  th e  p o sition  o f  th e  
c rysta llog raph ic  axis o f  th e  d iam o n d  a n d  th e  seating  o f  th e  
d ia m o n d  in  its ho lder. F o r th is reason , a p e rfo rm an ce  test is 
con sid ered  necessary. T h e  in d en te r shall be used in a 
s tan d ard iz in g  m ach in e  in  w h ich  th e  te s t force ap p lied  an d  
th e  m easu rin g  device can  be verified by fu n d a m e n ta l m ea­
su rem en t. T ests shall be m ade  o n  a m in im u m  o f  tw o 
s tan d ard ized  blocks, o ne  from  each  o f  the  m in im u m  an d  
m ax im u m  ranges specified in  T ab le  16. T h ree  test im p res­
sions shall be m ad e  o n  each  o f  these  blocks. T h e  m ean  o f  
these read ings shall n o t d iffer from  th e  va lue  o f  th e  s ta n d a rd ­
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TABLE 13 Corrections to Be Added to Rockwell Superficial 15N, 30N, and 45N Values Obtained on Convex Cylindrical Surfaces of
Various Diameters*
Diameters of Convex Cylindrical Surfaces
Hardness '/a in. V* in. Va in. 1/j in. V* in. 1 in.
Reading (3.2 mm) (6.4 mm) (10 mm) (13 mm) (19 mm) (25 mm)
Corrections to be Added to Rockwell Superficial 15N, 30N, and 45N Values8
20 6.0 3.0 2.0 1.5 1.5 1.5
25 5.5 3.0 2.0 1.5 1.5 1.0
30 5.5 3.0 2.0 1.5 1.0 1.0
35 5.0 2.5 2.0 1.5 1.0 1.0
40 4.5 2.5 1.5 1.5 1.0 1.0
45 4.0 2.0 1.5 1.0 1.0 1.0
50 3.5 2.0 1.5 1.0 1.0 0.5
55 3.5 2.0 1.5 1.0 0.5 0.5
60 3.0 1.5 1.0 1.0 0.5 0.5
65 2.5 1.5 1.0 0.5 0.5 0.5
70 2.0 1.0 1.0 0.5 0.5 0.5
75 1.5 1.0 0.5 0.5 0.5 0
80 1.0 0.5 0.5 0.5 0 0
85 0.5 0.5 0.5 0.5 0 0
90 0 0 0 0 0 0
A When testing cylindrical specimens me accuracy of the test will be seriously affected by alignment of elevating screw. V-anvil, indenters. surface finish, and the 
straightness of the cylinder.
8 These corrections are approximate only and represent the averages, to the nearest 0.5 Rockwell superficial number, of numerous actual observations.
TABLE 14 Corrections to Be Added to Rockwell Superficial 15T, 30T, and 45T Values Obtained on Convex Cylindrical Surfaces* of
Various Diameters

















Corrections to be Added to Rockwell Superficial 1ST, 30T, and 45T Values8
20 13.0 9.0 6.0 4.5 4.5 3.0 2.0
30 11.5 7.5 5.0 3.5 3.5 2.5 2.0
40 10.0 6.5 4.5 3.5 3.0 2.5 2.0
50 8.5 5.5 4.0 3.0 2.5 2.0 1.5
60 6.5 4.5 3.0 2.5 2.0 1.5 1.5
70 5.0 3.5 2.5 2.0 1.5 1.0 1.0
80 3.0 2.0 1.5 1.5 1.0 1.0 0.5
90 1.5 1.0 1.0 0.5 0.5 0.5 0.5
* When testing cylindrical specimens, the accuracy of me test wtH be seriously affected by alignment of elevating screw, V-anvil, indenters, surface finish, and the 
straightness of me cylinder.
8 These corrections are approximate only and represent the averages, to the nearest 0.5 Rockwell superficial number, of numerous actual observations.
hardness values to  w ith in  0.2 o f  a  R ockw ell u n it. Before 
m ak ing  these  in d en ta tio n s, a t  least tw o  in d e n ta tio n s  shall be 
m ad e  to  en su re  th a t th e  m ach ine  is w ork ly  freely a n d  th a t the  
s tan d ard ized  b lock, the  in d en te r, a n d  th e  an v il are seating  
correctly . T h e  resu lts o f  these p re lim in a ry  in d en ta tio n s  shall 
be ignored.
13.2.1.3 F o r  each  stan d ard ized  tes t b lock , let /? ,, R 2 . . .  
R 5 be  th e  hard n ess readings o f  th e  5 in d e n ta tio n s  a rran g ed  in 
increasing  o rd e r o f  m agnitude.
13.2.2 Repeatability.
13.2.2.1 T he  repea tab ility  o f  the  tes tin g  m ach in e  u n d e r 
th e  p a rticu la r  verification  c o n d itio n s is d e te rm in e d  by the 
follow ing q u an tity :
Rs - R t
13.2.2.2 T h e  repea tab ility  o f  the  tes tin g  m ach in e  verified 
is co n sidered  sa tisfactory  if  it satisfies th e  c o n d itio n s  given in 
T ab le  20.
13.2.3 Error.
13.2.3.1 T he  e rro r o f  the testing  m ach in e  u n d e r the 
p a rticu la r verifica tion  co n d itio n s is expressed  by the  fol­
low ing q u an tity :
co rresp o n d in g  to  th e  low est a n d  highest h ardnesses for w hich  
th e  scales are  n o rm ally  used  by  m ak in g  k n o w n  in c re m e n ta l 
m o v em en ts  o f  th e  in d en te r.
13.1.3.2 T h e  in s tru m e n t used to  verify th e  d e p th  m ea ­
su rin g  device shall have a n  accu racy  o f  0 .0002  m m .
13.1.3.3 T h e  d ep th -m easu rin g  device shall co rrec tly  in d i­
cate  w ith in  ± 0 .5  o f  R ockw ell u n it, o v er each  in te rval. T h is  
co rresp o n d s to  ± 0 .0 0 1  m m  for regu lar R ockw ell ranges a n d  
± 0 .0 0 0 5  m m  o n  R ockw ell superficial ranges.
13.2 Indirect Verification— In d irec t v e rifica tion  m ay  be 
c arried  o u t by m ean s  o f  s ta n d ard ized  b locks ca lib ra ted  in  
acco rd an ce  w ith  P a rt C.
13.2.1 Procedure:
13.2.1.1 F o r  th e  in d irec t verifica tion  o f  a  tes tin g  m ach in e , 
th e  follow ing p ro ced u res shall be applied: T h e  testing  m a ­
ch in e  shall be verified  fo r each  scale to  be  used . F o r  each  
scale stan d ard ized , a t least th ree  b locks w ith in  th e  hard n ess 
ranges g iven in  T ab le  16 shall be  tested . T h e  m ach in e  shall 
n o t be ad ju s ted  be tw een  tests m ad e  o n  th e  th ree  blocks.
13.2.1.2 In acco rd an ce  w ith  P a rt A  o f  th is  M e th o d , m ak e  
a t least five in d en ta tio n s  o n  each  s tan d ard ized  b lock , d is tr ib ­
u ted  u n ifo rm ly  o v er th e  b lo ck ’s surface  to  reco rd  th e
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TABLE 15 Tolerances on Applied Forces TABLE 20 Repeatability of Machines
Load, kgf (N) Tolerance, kgf (N)
10 (98) ±0.20 (±1.96)
60 (589) ±0.45 (±4.41)
100(981) ±0.65 (±4.57)
150 (147) ±0.90 (±8.83)
3(29) ±0.060 (±0.589)
15 (147) ±0.100 (±0.981)
30 (294) ±0.200 (±1.961)
45 (441) ±0.300 (±2.943)
TABLE 16 Hardness Ranges Used in Verification by 
Standardized Test Block Method













57 to 70 ind
over 70 to 82
Range of Standardized 
Hardness Test Blocks
The Repeatability'* of the Machine 
Shall Be Not Greater Than:
Rockwell C Scale:
25 to 30 2.0
35 to 55 1.5
59 to 65 1.0
Rockwell B Scale:
40 to 59 2.5
60 to 79 2.0
80 to 100 2.0
Rockwell SON Scale:
40 to 50 2.0
55 to 73 1.5
75 to 80 1.0
Rockwell 30T Scale:
43 to 56 2.5
57 to 70, ind 2.0
Over 70 to 82 2.0
* The repeatability of machines on Rockwell or Rockwell superficial hardness 
scales other than those given in Table 20 shall be the equivalent converted 
difference in hardness for those scales, except for the 15N and 1ST scales. In the 
case of the 15N and 15T scales, the repeatability shall be no greater than 1.0 for all 
ranges.
Example—At C 60. typical readings of a  series of indentations might range from 
59 to 60. 59.5 to 60.5, 60 to 61, etc. Thus, converted A-scale values 
corresponding to C 59 to 60 (see Table II of Standard Tables E 140) would be A 
80.7 to 81.2 and the repeatability for the A-scale would be 0.5.
TABLE 17 Allowable Deviation in Hardness Readings for Verified 
Diamond Indenters
For Hardness Readings Allowable Deviation,





TABLE 18 Tolerances for Rockwell Hardness Ball Indenters
Diameter of BaD Tolerance'A
in. mm in. mm
Vi« 1.588 ±0.0001 ±0.0025
V4 3.175 ±0.0001 ±0.0025
V* 6.350 ±0.0001 ±0.0025
V4 12.700 ±0.0001 ±0.0025
A For balls in the range of diameters specified, these tolerances and the 
permissible variation in the diameter of any one ball, as specified in 19.1.3, are met 
by Grade 25 steel balls of the Anti-Friction Bearing Manufacturers' Association 
(AFBMA).
TABLE 19 Maximum Mean Diagonal of Vickers Hardness 
Indentation on Rockwell Hardness Balls
Maximum Mean Diagonal 
of Indentation on 
the BaD Made 
with Vickers Indenter 







TABLE 21 Tolerance Values for Standardized Test Blocks
Nominal Hardness of 
Standardized Test Block
Tolerance Values of the Test Block 
Shall Not Be Greater Than
C Scale*
60 and Greater ±0.5
Below 60 ±1.0
A Scale
80 and Greater ±0.5
Below 80 to 60.5, ind ±1.0
15N Scale
90 and Greater ±0.7
Below 90 to 69.4, ind ±1.0
30N Scale
77.5 and Greater ±0.7
Below 77.5 to 41.5, ind ±1.0
45N Scale
66.5 and Greater ±0.7
Below 66.5 to 19.6, ind ±1.0
B S calea
45 and Greater ±1.0
Below 45 to 1.5. ind ±1.5
F Scale
99.6 to 57.0, ind ±1.0
15T Scale
75.3 and Greater ±1.0
Below 75.3 to 60.5, ind ±1.5
30T Scale
46.2 and Greater ±1.0
Below 46.2 to 15.0, ind ±1.5
45T Scale
17.6 and Greater ±1.0
Below 17.6 to 1.0, ind ±1.5
A AH other scales on steel blocks of the equivalent converted values are as 
follows: 70.0 HRC to 60.0 HRC = ±0.5 and 59.9 HRC to 20.0 HRC = ±1.0.
8 All other scales on brass blocks of the equivalent converted values are as 
follows: 100.0 HRB to 1.0 HRB = ±1.0.
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R -  R
w here:
5
R  =  sta ted  h a rdness o f  the  s tan d ard ized  test block used.
13.2.3.2 T h e  m ean  hardness value for th e  five tests shall 
n o t d iffer from  the m ean  co rresp o n d in g  to  th e  h a rd n ess  o f  
th e  stan d ard ized  test b lock by m o re  th an  th e  to le ran c e  o f  the  
la tte r  (show n in T ab le  21).
13.3 It sho u ld  be u n d e rs to o d  th a t h a rd n ess  tes t blocks, 
d ia m o n d  in d en to rs , a n d  m ach in e  designs vary  betw een  
m an u fac tu re rs  a n d  th a t  if  ail p a ram ete rs  a re  m et u n d e r  13.1, 
it is possible th a t change o f  o n e  o r  m ore  o f  th e  p a ram ete rs  
m ay  be needed  to  m ee t in d irec t verifica tion  o n  test blocks. 
C o n su lt m an u fa c tu re r’s in s tru c tio n s  o n  th e  p ro p e r  m e th o d  
to  m ak e  co rrec tio n s within the tolerances specified in this 
method.
13.4 Tim e Interval Between Verifications— It is reco m ­
m en d ed  th a t testing  m ach in es be verified a n n u a lly  o r  m ore  
frequen tly  if  requ ired . In no  case shall th e  tim e  in te rv al 
betw een  verifications exceed 18 m on ths.
13.5 Verification Report:
13.5.1 T he  verifica tion  rep o rt shall in c lu d e  th e  fo llow ing 
in fo rm a tio n :
13.5.1.1 R eference to  th is A STM  T est M e th o d ,
13.5.1.2 M e th o d  o f  verifica tion  (d irec t o r  in d irect),
E 18
13.5.1.3 Id en tifica tion  d a ta  o f  th e  hard n ess testing  m a­
chine,
13.5.1.4 M eans o f  verification  (test blocks, elastic p rov ing  
devices, etc.)
13.5.1.5 T h e  R ockw ell h a rd n ess scale(s) verified,
13.5.1.6 T h e  resu lt ob ta in ed ,
13.5.1.7 D a te  o f  verifica tion  a n d  re ference to  the  verifying 
agency, an d
13.5.1.8 S ignatu re  o f  verifying agency represen tative .
14. P rocedure  for Period ic  C h eck s by th e  U se r
14.1 V erification  by th e  s tan d ard ized  tes t b lock  m eth o d  
(13.2) is to o  leng thy  fo r daily  use. In stead , th e  follow ing is 
reco m m en d ed :
14.1.1 M ake a t  least o n e  ro u tin e  check  each  day  th a t  the  
testing  m ach in e  is used.
14.1.2 Before m ak in g  th e  check, m ak e  a t least tw o p re lim ­
inary  in d en ta tio n s  to  ensu re  th a t th e  h a rd n ess testing  m a ­
ch in e  is w ork ing  freely a n d  th a t th e  tes t b lock, in d en te r, a n d  
anv il a re  seated  correctly . T h e  resu lts o f  these  p re lim in ary  
in d en ta tio n s  sh o u ld  be ignored.
14.1.3 M ake  a t least th ree  hard n ess readings on  a  s ta n ­
dard ized  h a rdness test b lock  on  th e  scale a n d  a t the  h a rdness 
level a t w h ich  th e  m ach in e  is be ing  used . I f  th e  m ean  o f  these 
values falls w ith in  th e  to le rances m ark ed  o n  th e  s tan d ard ized  
h ardness test b lock , th e  m ach in e  m ay  be regarded  as 
satisfactory. If  n o t, th e  m ach in e  sh o u ld  be verified  as 
described in  13.2.
C . C A L IB R A T IO N  O F  S T A N D A R D IZ E D  T E S T  B L O C K S  F O R  M A C H IN E S  U S E D  F O R  R O C K W E L L  A N D
R O C K W E L L  S U P E R F IC IA L  H A R D N E S S  T E S T IN G
15. Scope
15.1 P a rt C  specifies a  m e th o d  for th e  ca lib ra tio n  o f  
s tan d ard ized  b locks to  be used in  R ockw ell h a rd n ess testing  
m ach in es fo r the  ind irec t verification  o f  these  m ach in es  as 
described  in  P a n  B.
16. M an u fac tu re
16.1 T h e  a tte n tio n  o f  th e  m an u fa c tu re r  o f  th e  b lo ck  is 
d raw n  to  th e  need  to  use a  m an u fa c tu rin g  process w h ich  will 
give th e  necessary  h om ogeneity , s tab ility  o f  s tru c tu re , a n d  
u n ifo rm ity  o f  su rface hardness.
16.2 E ach  m eta l b lock  to  be s ta n d ard ize d  shall be  o f  a 
th ickness n o t less th a n  ‘A in . (6 .4  m m ).
16.3 T h e  a rea  o f  th e  test su rface  o f  th e  b lo ck  shall n o t be 
m o re  th a n  4 in .2 (2581 m m 2).
16.4 T h e  stan d ard ized  b lock  shall be  free o f  m ag n e tism . It 
is reco m m en d ed  th a t th e  m an u fa c tu re r  en su re  th a t  th e  
blocks, i f  o f  steel, have been d em ag n etized  a t th e  e n d  o f  the 
m an u fa c tu rin g  process.
16.5 T h e  m ax im u m  dev ia tio n  in  flatness o f  th e  surfaces 
shall n o t exceed 0 .0002  in. (0 .005 m m ).
16.6 T h e  m ax im u m  e rro r in  paralle lism  shall n o t exceed 
0 .0002  in. p e r in. (m m  per m m ).
16.7 T h e  test su iface  shall be free fro m  scratches w hich  
in te rfere  w ith  th e  m easu rem en t o f  th e  in d en ta tio n . T h e  
m ean  surface  roughness (/?a) shall n o t exceed  12 p in . (0 .0003 
m m ) c en te r  line average.
16.8 T h e  b o tto m  surface shall have a  fine g ro u n d  finish.
16.9 T o  assure  th a t  m ate ria l is n o t rem o v ed  from  th e  test 
surface, its th ick n ess a t th e  tim e  o f  s ta n d a rd iza tio n  (to  the  
nearest ± 0 .0 0 5  in. (0.1 m m )) shall be  m ark e d  on  th e  b lock  or 
an  iden tify ing  m ark  shall be m ad e  o n  th e  test surface. 
R esurfacing  o f  a  test b lock for reuse is n o t reco m m en d ed ; 
how ever, i f  a  s ta n d a rd  test b lock  is reco n d itio n ed , th e  new  
test surface m u st be  reca lib ra ted  in  acco rd an ce  w ith  th is 
section.
17. S tan d ard iz in g  M ach in e
17.1 In  ad d itio n  to  fulfilling th e  general req u irem en ts  
specified in  Sec tions 12 a n d  13, th e  s tan d ard iz in g  m ach in e  
shall also m eet th e  fo llow ing req u irem en ts:
17.1.1 T h e  m ach in e  shall be verified  d irectly . D irect 
verification  involves th e  follow ing:
17.1.1.1 V erification  o f  the  test force (see 13.1.1),
17.1.1.2 V erification  o f  th e  in d e n te r  (see 13.1.2), a n d
17.1.1.3 V erification  o f  th e  m easu rin g  device (see 13.1.3).
17.1.2 E ach  p re lim in a ry  test force shall be co rrec t to  
w ith in  ± 0 .5  %. E ach  to ta l tes t force shall be co rrec t to  w ith in  
± 0 .2 5  %.
17.1.3 T h e  verifica tion  o f  the  shape  o f  th e  in d en te r  can  be 
m ade by  d irec t m ea su re m e n t o r  by m easu rem en t o f  its 
p ro jec tion  o n  a screen. T h e  verifica tion  shall be m ad e  a t n o t 
less th an  eight a p p ro x im ate ly  equally  spaced  sections.
17.1.4 T h e  d ia m o n d  in d en te r shall have an  in c luded  angle 
o f  120° ±0 .1°.
17.1.5 T h e  angle  be tw een  the  axis o f  th e  d ia m o n d  in-
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d en te r  an d  the axis o f  th e  in d en te r  h o ld er (n o rm al to  the  
seating  surface) shall n o t exceed 0.3°.
17.1.6 T h e  tip  o f  th e  d ia m o n d  in d en te r shall be  spherical 
w ith a  m ean  rad ius o f  0 .200  ± 0 .0 0 5  m m . In  each m easu red  
section  th e  rad iu s shall n o t exceed 0 .200  ± 0 .0 0 7  m m  a n d  
local d ev ia tions from  a  tru e  rad iu s  shall n o t exceed 0.002 
m m . T h e  surface o f  th e  co n e  a n d  spherical t ip  shall b len d  in 
a  tru ly  tangen tia l m an n e r.
17.1.7 T h e  d iam e te r o f  th e  steel ball shall be w ith in  th e  
to le rance  o f  0.001 m m .
17.1.8 T h e  m easu ring  device shall be capab le  o f  accu ­
ra te ly  m easu ring  vertical d isp lacem en ts  co rre sp o n d in g  to  
±0 .1  o f  a  regu lar R ockw ell u n it  a n d  ± 0 .1  for a superficial 
R ockw ell un it.
18. S tan dard iz ing  P rocedure
18.1 T h e  s tan d ard ized  test b locks shall be calib ra ted  in a 
s tan d ard iz in g  m ach in e  as described  in  Section  17 a t a 
tem p era tu re  o f  73°F ±  5°F  (23°C ±  2°C) using the  general 
test p ro ced u re  described  in  P a rt A.
19. N um ber o f In d en ta tions
19.1 In  acco rd an ce  w ith  P a rt A  o f  th is  M eth o d , m ake  a t 
least five in d en ta tio n s  o n  each  s ta n d ard ized  b lock, d is trib ­
u ted  u n ifo rm ly  over th e  b lo ck ’s surface.
20. U niform ity  o f H a rd n ess
20.1 Let R ,,  R 2 . . .  /?5 be th e  m easu red  values in 
R ockw ell u n its  a rran g ed  in  in creasing  o rd e r o f  m agn itude.
20.2 T he  n o n u n ifo rm ity  o f  th e  b lock  u n d e r  th e  p a rticu la r  
co n d itio n s  o f  sta n d ard iza tio n  is ch arac te rized  by R 5 — /?,.
20.3 T he  n o n u n ifo rm ity  o f  th e  block m u st satisfy th e  
co n d itio n s  o f  T able  22.
21. M ark in g  and C e rtifica tio n  R equ irem en ts
21.1 E ach s tan d ard ized  test b lo ck  shall be m ark ed  w ith  
th e  following:
21.1.1 A rith m etic  m ean  o f  th e  hard n ess values fo u n d  in  
th e  s tan d ard iz in g  test rep o rted  to  the  nearest ten th , for 
exam ple: 66.3 H R C ,
21.1 .2  T o le ran ce  va lue  (see T ab le  21),
21 .1 .3  N am e  o r  m ark  o f  th e  supp lier,
21.1 .4  U n iq u e  serial n u m b er,
21 .1 .5  N am e  o r  m a rk  o f  th e  ca lib ra tin g  agency i f  d ifferen t 
from  supplier,
TABLE 22 Maximum Nonuniformity of Standardized Test Blocks
Nominal Hardness of 
Standardized Test Block
Nonuniformity of the Test Block Shall 
Not Be Greater Than
C ScaleA
60 and Greater 0.5
Below 60 ■ 1.0
A Scale
80 and Greater 0.5
Below 80 to 60.5, ind 1.0
15N Scale
90 and Greater 0.7
Below 90 to 69.4, ind 1.0
30N Scale
77.5 and Greater 0.7
Below 77.5 to 41.5. ind 1.0
45N Scale
66.5 and Greater • 0.7
Below 66.5 to 19.6, ind 1.0
S ScaleB
45 and Greater 1.0
Below 45 to 1.5, ind 1.5
F Scale
99.6 to 57.0, ind 1.0
757 Scale
75.3 and Greater 1.0
Below 75.3 to 60.5, ind 1.5
307 Scale
46.2 and Greater 1.0
Below 46.2 to 15.0, ind 1.5
457 Scale
17.6 and Greater 1.0
Below 17.6 to 1.0, ind 1.5
■* All other scales on steel blocks of the equivalent converted values are as 
follows: 70.0 HRC to 60.0 HRC = 0.5 and 59.9 HRC to 20.0 HRC = 1.0.
B All other scales on brass blocks of the equivalent converted values are as 
follows: 100.0 HRB to 1.0 HRB =  1.0.
21.1 .6  T h ick n ess o f  th e  b lock  o r  an  iden tify ing  m ark  on  
the test surface, a n d
21.1 .7  Y ear o f  ca lib ra tio n .
21.2 A ny  m ark  p u t o n  th e  side o f  th e  block shall be 
uprigh t w hen  the  test su rface is th e  u p p e r  face.
21.3 E ach block shall be su p p lied  w ith  a certificate  
show ing the  results o f  th e  in d iv id u a l stan d ard iz in g  tests a n d  
the a r ith m etic  m ean  o f  th o se  tests, inclu d in g  th e  following:
21.3.1 D ate  o f  stan d ard iza tio n ,
21.3.2 Serial n u m b e r  o f  block , an d
21.3 .3  N am e  o f  m a n u fa c tu re r  o r  m a rk  o f  supplier.
22. K eyw ords
22.1 R ockw ell H ard n ess; m etallic
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A P P E N D IX  
(N o n m an d ato ry  Inform ation)
X I .  L IS T  O F  A S T M  S P E C IF IC A T IO N S  G IV IN G  H A R D N E S S  V A L U E S  C O R R E S P O N D IN G  T O  T E N S IL E
S T R E N G T H
X I . I  T h e  fo llow ing A S T M  sta n d ard s  give ap p ro x im ate  m ateria ls covered: T est M eth o d s a n d  D efin itio n s A 370 an d
R ockw ell h ardness o r  R ockw ell superficial h ardness values Specifications B 19, B 36, B 96, B 97, B 103, B 121, B 122,
co rresp o n d in g  to  th e  tensile  s tren g th  values specified  for th e  B 130, B 134, B 152, B 291, a n d  B 370.
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